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Bananas and plantains are a major staple food and export product in more than 120 
countries with a worldwide production of over 135 million tonnes per year. The 
Laboratory of Tropical Crop Improvement hosts the Bioversity International Musa 
Germplasm Transit Centre which contains the world’s largest banana collection with 
over 1400 accessions kept as in vitro plants. 
Water is one of the most limiting abiotic stress factors in banana production. We 
therefore designed a long term experimental set-up to screen the available Musa 
biodiversity for drought tolerance in which osmotic stress research is a first step. This 
research was executed at three levels: cell cultures, heterotrophic in vitro plants and 
autotrophic plants. 
Research on banana cell cultures identified more than fifty potential osmotic stress 
markers via proteomics and transcriptomics. To evaluate the suitability of these 
stress markers for future use in high-throughput screening of banana varieties, we 
assessed the four most promising via qPCR. We showed that all four candidates 
reacted to the stress treatment. One (phosphoglycerate kinase) was validated as an 
osmotic stress marker. 
Then our focus shifted from the model on cell cultures towards the plant level. We 
developed a heterotrophic in vitro growth model to screen five varieties 
representing different genome constitutions present in Musa. The proteome of the 
variety with the smallest growth reduction was analyzed by two-dimensional gel 
electrophoresis. We successfully identified 24 proteins as potential osmotic stress 
markers of which five (PR10, isoflavone reductase, glutathione-S-transferase, S-
adenosyl methionine synthase and phosphoglucomutase) had already been 
identified in cell cultures and we showed that proteins belonging to the defense and 
reactive oxygen species metabolism and to the energy metabolism contributed to 
the new homeostasis in the stressed in vitro plants. 
iv Summary 
Further proteomic research on autotrophic plants again revealed 35 potential stress 
markers of which six (HSP20, HSP70, glutathione-S-transferase, S-adenosyl 
methionine synthase, sucrose synthase and phosphoglycerate kinase) had already 
been identified in cell cultures and/or in vitro plants. Finally we focused our research 
on one interesting osmotic stress marker protein family, HSP70. It is not uncommon 
to identify several spots on a gel from two-dimensional gel electrophoresis with the 
same general identification of the gene family. Gene families in banana consist of 
paralogs, genes related by duplication within a genome, and allelic variants, genes at 
the same locus of homologous chromosomes. HSP70 was identified in a trail of six 
spots. With the availability of the Musa A and B genomes and the combinatorial use 
of gel-based and gel-free proteomics techniques, we were able to pinpoint in an ABB 
variety which paralogs and/or allelic variants were expressed and were present in 
the spots. We also identified an osmotic stress-responsive HSP70 encoded by the 
paralog located on chromosome 2. 
The nine osmotic stress markers (HSP20, HSP70, PR10, isoflavone reductase, 
glutathione-S-transferase, S-adenosyl methionine synthase, sucrose synthase, 
phosphoglucomutase and phosphoglycerate kinase) identified in this research 
should now be screened in several varieties and validated under real drought 
conditions. Combining the validated stress marker genes with phenotyping 
approaches will help in the future to diagnose the severity of stress and finally 
drought stress tolerance marker will aid us in the identification of drought tolerant 
varieties and facilitate banana breeding for drought tolerance. 
 
 Samenvatting 
Met een wereldwijde productie van meer dan 135 miljoen ton per jaar zijn bananen 
een basisbestanddeel in de voeding en een belangrijk exportproduct in meer dan 
120 landen. Het Laboratorium Tropische Plantenteelt herbergt het Bioversity 
International Musa Germplasm Transit Centre dat meer dan 1400 accessies bewaart 
als een in vitro collectie. 
Water is een van de meest limiterende abiotische stressfactoren in de 
banaanproductie. Daarom ontwikkelden we een proefopzet om de beschikbare 
Musa biodiversiteit te evalueren voor droogtetolerantie. Osmotisch stressonderzoek 
is hierbij een eerste stap en werd uitgevoerd op drie niveaus: celculturen, 
heterotrofe in vitro planten en autotrofe planten. 
Door middel van proteomics- en transcriptomicsonderzoek identificeerden we meer 
dan vijftig potentiële osmotische stressmerkers in celculturen van banaan. We 
analyseerden de expressie van de vier meest belovende stressmerkers via qPCR om 
hun geschiktheid voor toekomstig gebruik voor een grootschalige evaluatie van 
banaanvariëteiten te beoordelen. Alle kandidaten bleken te reageren op de 
stressbehandeling. Een kandidaat (fosfoglyceraat kinase) werd gevalideerd als een 
geschikte osmotische stressmerker op celniveau. 
In een volgende fase maakten we de stap van een evaluatiemodel op celniveau naar 
een op plantniveau. We ontwikkelden een heterotroof in vitro groeimodel om de 
osmotische stresstolerantie te beoordelen van vijf variëteiten, die de verschillende 
genoomconstituties van banaan vertegenwoordigden. We analyseerden het 
proteoom van de variëteit met de kleinste groeireductie via tweedimensionale 
gelelektroforese. We identificeerden 24 proteïnes als potentiële osmotische 
stressmerkers waarvan er vijf (PR10, isoflavon reductase, glutathion-S-transferase, 
S-adenosyl methionine synthase en fosfoglucomutase) reeds geïdentificeerd werden 
in de celculturen. Proteïnes betrokken bij het verdedigingsmetabolisme, het 
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metabolisme van de reactieve zuurstofdeeltjes en het energiemetabolisme droegen 
bij tot een nieuw evenwicht in de gestresseerde in vitro planten. 
Verder proteomicsonderzoek op autotrofe planten leidde tot de identificatie van 35 
potentiële stressmerkers waarvan er zes (HSP20, HSP70, glutathion-S-transferase, S-
adenosyl methionine synthase, sucrose synthase en fosfoglyceraat kinase) reeds 
geïdentificeerd werden in celculturen en/of in vitro planten. Ten slotte 
concentreerden we het onderzoek op één osmotische stressmerker proteïnefamilie, 
HSP70. Het is niet ongebruikelijk dat verschillende spots op een gel, gemaakt aan de 
hand van tweedimensionale gelelektroforese, dezelfde algemene genfamilie-
annotatie krijgen. Genfamilies in banaan bestaan uit paralogen, genen gerelateerd 
via duplicatie binnen een genoom, en allelische varianten, genen op dezelfde locus 
van homologe chromosomen. HSP70 werd geïdentificeerd in een reeks van zes 
spots. Nu zowel het A- als het B-genoom van Musa beschikbaar waren, gebruikten 
we een combinatie van gelgebaseerde en gelvrije proteomicstechnieken om in een 
ABB-variëteit exact vast te stellen welke paralogen en allelische varianten tot 
expressie werden gebracht en aanwezig waren in de spots. Een HSP70 die 
geëncodeerd werd door de paraloog gelegen op chromosoom 2, reageerde op 
osmotische stress. 
De negen osmotische stressmerkers (HSP20, HSP70, PR10, isoflavon reductase, 
glutathion-S-transferase, S-adenosyl methionine synthase, fosfoglucomutase, 
sucrose synthase en fosfoglyceraat kinase), die we in dit doctoraatsonderzoek 
identificeerden, moeten nu geëvalueerd worden in verschillende variëteiten en 
gevalideerd worden onder realistische droogtecondities. De combinatie van 
gevalideerde stressmerkers met fenotypering zal in de toekomst bijdragen tot het 
bepalen van de ernst van de stress. Verder zullen droogtestresstolerantiemerkers 
bijdragen tot de identificatie van droogtetolerante variëteiten en tot het kweken van 
bananen die droogtetoleranter zijn. 
 
 Symbols and abbreviations 
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Rationale and thesis outline 3 
Rationale and outline of thesis 
Research at the Laboratory of Tropical Crop Improvement at KU Leuven focuses on 
safeguarding biodiversity and improving tropical crop production with a focus on 
bananas and plantains. The laboratory hosts Bioversity’s International Transit Centre 
which contains the Musa International Germplasm collection with over 1400 
accessions kept as an in vitro collection. About 850 of these accessions have been 
successfully cryopreserved as well. 
Bananas and plantains are a major staple food and export product in more than 120 
countries with a worldwide production of over 135 million tonnes per year (FAO, 
2012). They are giant herbaceous monocotyledonous plants which belong to the 
Musa genus (family Musaceae, order Zingiberales). Cultivated banana varieties are 
hybrids of two wild diploid species Musa acuminata (genome constitution AA) and 
Musa balbisiana (genome constitution BB). Most cultivated varieties are triploids 
with either an AAA, AAB or ABB genome constitution. Varieties with an AAB or ABB 
genome constitution are said to be more drought tolerant and hardy due to the 
presence of the B genome (Simmonds, 1966; Thomas et al., 1998; Robinson and 
Sauco, 2010). The commercially exploited varieties are triploids with an AAA genome 
constitution which are sweet and suitable to immature harvesting, transport and 
ripening upon arrival. However, this AAA Cavendish group is drought sensitive. 
Water is one of the most limiting abiotic stress factors in banana production. 
Bananas need at least 25 mm of water per week and an annual rainfall of 2000-2500 
mm evenly distributed along the year is considered optimal for banana production. 
When there is no access to irrigation, mild drought conditions are responsible for 
considerable yield losses. Van Asten et al. (2011) calculated a yield loss of up to 65% 
when the annual rainfall was below 1100 mm. Moreover, in the humid tropics 
bananas are threatened by the disease Black Sigatoka, caused by the fungus 
Mycosphaerella fijiensis. Export bananas, all from the Cavendish subgroup, are 
extremely susceptible and economic losses arise from yield loss, premature 
yellowing and chemical disease control costs. The cultivation of bananas in drier 
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areas where the infection rate is much lower, is therefore an alternative but then 
drought stress problems are possible (Marin et al., 2003; Robinson and Sauco, 2010). 
To screen Musa biodiversity for drought tolerance, we designed a long term 
experimental set-up (Figure 1). An osmotic stress model has been used to 
approximate drought in the first two phases. Osmotic stress, similarly to drought 
stress, causes water deficit in tissues but osmotic stress can be more tightly 
controlled and can easily be applied to in vitro plants. Osmotic stress, however, 
simulates water deficit by offering water that is less available to the plant while 
drought is a true lack of water. In a first phase heterotrophic in vitro plants have been 
screened as they provide a highly controlled system to allow fast screening for 
osmotic stress. In a second research phase autotrophic in vitro plants were used 
which no longer receive sugar from the medium for growth but perform 
photosynthesis in growth chambers and have functional stomata and perform real 
transpiration. The next phase will analyze actual drought stress on greenhouse plants 
and in a final validation phase field plants will be used. Furthermore, this 
experimental set-up includes different plant developmental stages. We combine 
phenotyping with proteomics research in this screening to gain an understanding of 
the osmotic and drought tolerance mechanisms in banana. 
Until 2012 Musa was an unsequenced non-model crop. A comparison between 
proteomics and transcriptomics techniques showed that a proteomics approach at 
that time offered better characterization for unsequenced crops (Carpentier et al., 
2008). The combination of the available EST databases and cross-species 
identification resulted in significantly more protein identifications in proteomics. 
Previous proteomics research focused on acclimation research of meristematic cells 
in relation to cryopreservation and resulted in the identification of more than fifty 
stress markers. 
In this thesis, stress markers are defined as genes with a statistically significant 
differential abundance at the mRNA level and/or at the protein level in response to 
the application of a stress or combination of stresses. Osmotic stress markers are 
defined as genes with a statistically significant differential abundance at the mRNA 
level and/or at the protein level in response to osmotic stress. Osmotic stress 
tolerance markers are genes with a differential expression at the mRNA level and/or 
protein level that can be statistically correlated to osmotic stress tolerance. 
In this thesis, we focused first on the validation of potential stress markers from the 
cell model using qPCR. Subsequently, our focus shifted towards osmotic stress 
research in plants to identify osmotic stress markers. As the Musa reference A  
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genome became available in 2012 (D'Hont et al., 2012) followed by a draft B genome 
in 2013 (Davey et al., 2013), other research possibilities present themselves, yet 
proteomics research remains important. 
In chapter 1 we discuss the available omics approaches and their limitations in crops. 
We discuss both recent and more established technologies to provide a wide 
overview of the possibilities in future crop research. Genomics, transcriptomics, 
proteomics, metabolomics and phenomics approaches are reviewed. In chapter 2, 
we first discuss drought responses and osmotic stress. We then focus on recent 
accomplishments in crops abiotic stress research and more specifically on what has 
been achieved in banana using the omics approaches discussed in the previous 
chapter. 
Chapter 3 deals with the verification of stress marker genes in meristem cultures 
subjected to osmotic stress. Pathogenesis-related protein 10, SUMO-conjugating 
enzyme, ABA-responsive protein and phosphoglycerate kinase were identified as 
potential stress markers in previous proteomics and transcriptomics studies. To 
Figure 1: Experimental overview for screening for osmotic/drought tolerance (figure from 
Vanhove et al. (2012)). In vitro screening (left) deals with osmotic tolerance but offers the 
advantage that many plants can be screened under controlled conditions. Screening of 
greenhouse and field plants (right) deals with drought screening under conditions closer to 
farming conditions but less plants can be analyzed and not all parameters can be controlled. 
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evaluate their suitability for future use in high-throughput screening of varieties, we 
used qPCR to follow the transcription levels of these potential stress marker genes 
over time. We showed that all four candidates reacted to the stress treatment and 
phosphoglycerate kinase was identified as an osmotic stress marker. 
In chapter 4 we screened five Musa varieties representing the different genome 
constitutions (AAA, AAAh, AAB, AABp and ABB) using a heterotrophic in vitro growth 
model (Figure 1). The ABB variety showed the smallest growth reduction and was 
analyzed by two-dimensional difference gel electrophoresis (2D-DIGE) to investigate 
the new homeostasis. We used two-dimensional gel electrophoresis (2DE), the 
recommended proteomics technique in unsequenced plants. This approach 
separates and quantifies whole proteins on gels. The separated proteins are then 
digested into peptides for identification with mass spectrometry. This approach 
separates quantification and identification. Gel-free approaches where the whole 
protein sample is digested into peptides before quantification and identification 
result in more complex peptide mixtures and it is challenging to predict which 
peptides belong to the same protein which hinders protein quantification. We 
successfully identified 24 differential proteins and showed that proteins belonging 
to the defense and reactive oxygen species metabolism and to the energy 
metabolism contributed to the new homeostasis in the in vitro plants. 
In chapter 5 we focused on one particular interesting protein family, HSP70. It is not 
uncommon to identify several spots on a gel with the same general identification of 
the gene family. Here, we chose to focus on a trail of 6 spots which were all identified 
as HSP70 in the osmotic stress model. With the availability of Musa A and B genomes 
and the combinatorial use of gel-based and gel-free approaches, we were able to 
pinpoint which paralogs and allelic variants were present in the samples. We also 
identified an osmotic stress-responsive HSP70 isoform located on chromosome 2. 
Based on the acquired insights, we place the experimental chapters in perspective in 
the last chapter. As Musa is now a sequenced non-model crop, some opportunities 
are now available which were not at the start of this project. Consequently, we 
suggest two workflows for future research in non-model crops. The first one focuses 
on crop research in general while the second workflow suggests the steps to follow 
to set-up successful proteomics experiments in sequenced model plants and 
sequenced and unsequenced non-model crops. Finally, we suggest future research 
avenues for osmotic and drought stress research in Musa.
 Chapter 1  
 
Omics approaches and their 
challenges in non-model crops 
  
8 Chapter 1 
1.1 Introduction 
The application of omics approaches to crops is not always straightforward. This 
chapter provides an overview of the available approaches with a focus on research 
in crops. The last years have brought many new techniques which start to be 
implemented in crops. This review gives a general overview of established and new 
omics approaches available to crops, both sequenced and unsequenced. In 
combination with the research presented further in this dissertation, this will allow 
us to critically reflect on the performed research as well as to propose a workflow 
for stress research in crops in the future. 
1.2 Genomics 
These last years, crop research has been significantly changed with the introduction 
of fully sequenced genomes for several crops. A reference genome facilitates 
comparative genomic approaches and provides essential sequence information to 
transcriptomics and proteomics approaches. 
1.2.1 Genome sequencing 
In 2013, the cape of 50 published sequenced plant genomes was reached (Michael 
and Jackson, 2013). By the end of May 2014 more than 70 sequenced plant genomes 
have been published and additional, as of yet unpublished, plant genomes are 
already available at databases such as Phytozome1. It all started with the sequencing 
of the model plant Arabidopsis thaliana in 2000 (Arabidopsis Genome Initiative, 
2000). Later, draft genomes of both the japonica and indica rice varieties were 
published and a completed genome sequence of japonica rice was released by the 
International Rice Genome Sequencing Project in 2005 (Goff et al., 2002; Yu et al., 
2002; International Rice Genome Sequencing Project, 2005) (Table 1.1). The number 
of sequenced genomes of other crops steadily increased each year between 2006, 
when one genome was published, and 2010, which saw the release of 5 new 
genomes. By 2011 the number of sequenced plant genomes increased dramatically 
with more than ten publications per year (Table 1.1). At this rate, the next years 
should bring many more sequenced plant genomes (Michael and Jackson, 2013). 
                                                                
1 http://phytozome.jgi.doe.gov/ 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































12 Chapter 1 
The main driving force behind this boom in genome sequencing is the lower cost and 
the higher throughput of the current sequencing technologies. Especially since the 
introduction of second generation or next generation sequencing technology in 
sequencing centers in 2008, the price of sequencing has dropped several orders of 
magnitude from over $5,000 per Mb DNA in 2001 to slightly more than $100 in 2008 
and to $0.045 per Mb DNA in 2014 (Wetterstrand, 2014). 
1.2.1.1 Sequencing technologies 
The first published plant genomes were sequenced with Sanger technology which 
produces high-quality reads of up to 1000 bp in length. This electrophoretic 
sequencing technique however requires a cloning step and is therefore costly and 
low-throughput (Michael and Jackson, 2013). The next generation sequencing 
techniques use massive parallel sequencing strategies, have a higher throughput and 
are less costly but produce much shorter sequences (Morey et al., 2013). Deeper 
coverage is also needed to maintain high accuracy. At the moment, 454 (Roche 
Diagnostics2) and Illumina3 are the main sequencing platforms used in plant genome 
sequencing. 454 produces 400-500 bp reads and Illumina reads are only up to a 150 
bp. Third generation sequencing technologies show great promise for the future as 
they will provide longer reads without any need for clonal amplification prior to 
sequencing which minimizes the introduction of artefacts from earlier PCR cycles 
(Morey et al., 2013). Single-molecule real-time sequencing developed by Pacific 
Biosciences4 uses a sequencing chip which allows 75,000 reactions to be run in 
parallel with read lengths from 1000 bp to 10 kb. The GridION system and USB-sized 
MinION nanopore sequencing device were recently introduced by Oxford Nanopore 
Technologies5. Several other third generation platforms are still under development 
or in the concept stages. Morey et al. (2013) provide a recent, more in-depth review 
of past, present and future techniques in DNA sequencing. 
1.2.1.2 Genome assembly 
The mapping and assembly of the reads remain a major bottleneck for the analysis 
of plant genomes. Large complex plant genomes are particularly challenging for de 
novo assembly (Schatz et al., 2012). Plant genome sizes vary wildly and larger 
genomes can be quite complex. While the smallest plant genome from the 
carnivorous plant Genlisea margaretae is only 63 Mb, the largest known genome is 
that of the rare Paris japonica at almost 150,000 Mb (Pellicer et al., 2010). The largest 
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sequenced plant genome at the moment is the Norwegian spruce at 19,600 Mb while 
the overall median size of sequenced plant genomes is approximately 480 Mb. Plant 
genomes have a repetitive nature mainly due to the accumulation of transposable 
elements. Repetitive sequences make up anywhere between 3% and 85% of a 
genome with a median of 43% (Michael and Jackson, 2013). Larger genomes do not 
have a proportionally larger amount of genes but accumulate more of those 
repetitive DNA sequences which hinders the assembly (Schnable et al., 2009; Pellicer 
et al., 2010; Barabaschi et al., 2012; Michael and Jackson, 2013). Aside from 
repetitive DNA sequences, polyploidy, observed in almost all flowering plant species, 
further complicates genome assembly (Soltis et al., 2004). Polyploidy leads directly 
to increased chromosome numbers and DNA content while subsequent DNA losses 
and rearrangements lead to a pattern of duplication segments across all 
chromosomes (De Langhe et al., 2010; Jackson et al., 2011). Whole genome 
duplications therefore lead to large gene families of homologues as was for instance 
observed in soybean with 75% of the genes present in multiple copies (Schmutz et 
al., 2010). The assembly is even further complicated due to heterozygosity and there 
is a need to develop a plant-specific assembler which can take into account both 
ploidy and heterozygosity (Figure 1.1) (Schatz et al., 2012). The use of a double-
haploid variety, which is homozygous, instead of a diploid variety can circumvent this 
problem as was done in Musa (D'Hont et al., 2012). 
 
Figure 1.1: Ploidy and heterozygosity complicate genome assembly (figure from Schatz et 
al., 2012). (a) Schematic representation of a part of a tetraploid genome, consisting of 
chromosomes A to D with homozygosity/heterozygosity shown as different colored blocks. 
(b) The assembly graph of the homozygous and heterozygous segments of the genome 
branch and intertwine in complex patterns. An assembler would need to recognize these 
branching patterns and attempt to reconstruct the individual sequences for chromosomes 
A to D. 
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All of these factors complicate de novo genome assembly from short reads as genes 
from almost identical gene families may be assembled into mosaic gene sequences 
and the long repetitive stretches generate ambiguity as to how these reads need to 
be ordered (Schatz et al., 2012). Paired-end sequencing partially alleviates this 
problem in current genome sequencing projects, but this is probably not sufficient 
for the longer and more complex repeats found in the larger plant genomes. Longer 
reads from third generation sequencing technologies promise further improvements 
and will probably result in a hybrid approach combining short and long reads in the 
future (Schatz et al., 2012). For now, many genomes still have unresolved 
nucleotides as there are only a handful of truly finished genomes (Schnable et al., 
2009; D'Hont et al., 2012; Schatz et al., 2012; Davey et al., 2013; Michael and Jackson, 
2013). 
1.2.1.3 Genome annotation 
After assembling the reads into a genome sequence, the next step is the annotation, 
both structural and functional. Structural annotation is composed of two steps: the 
computational phase followed by the actual annotation phase (Yandell and Ence, 
2012). Although several other structural elements, such as non-coding RNAs and 
transposable elements, contain invaluable information, current annotation pipelines 
are focused on protein-coding genes since these are the most straightforward to 
annotate (Yandell and Ence, 2012; Ragupathy et al., 2013). The first step in 
computational annotation is the masking of the repeat regions. Masking is crucial as 
failure in this step could lead to extra non-existing genes to be detected downstream 
or several transposons could be added to existing genes as additional exons. The 
actual gene prediction these days is mostly based on evidence-driven gene 
prediction. EST, RNA-seq and protein data are aligned to the assembled genome 
after which gene prediction tools can use the external evidence to improve their 
predictions. The gene predictors identify the most likely coding sequence and based 
on the external data alternative splice isoforms and untranslated regions (UTRs) can 
be added. Several gene predictors are run and the final annotation is performed by 
a tool that combines the results of all the gene finders and then selects the best 
prediction. Yandell and Ence (2012) have written an excellent beginner’s guide to 
eukaryotic genome annotation. Even with these annotation tools, an accuracy of 
more than 80% is rarely achieved on model organisms, meaning that most gene 
annotations contain errors (Holt and Yandell, 2011; Yandell and Ence, 2012). These 
misannotations have a major impact on genetic variation experiments, 
transcriptomics and proteomics experiments in the same organism, but also on other 
projects which use these data to structurally annotate their own genomes (Reese 
and Guigo, 2006; Yandell and Ence, 2012). The final important step in the annotation 
phase is the functional annotation. This involves homology searches against 
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databases with genes and proteins with known functions. But not all genes will show 
enough similarity to be annotated and other genes might be completely new. 
Furthermore, a general gene annotation does not provide sufficient information as 
to the function and expression of a gene during different conditions. This is where 
other omics technologies, such as transcriptomics, proteomics and metabolomics, 
will provide further information as to how these predicted genes influence the 
phenotype (Weckwerth, 2011). 
1.2.2 Re-sequencing for GWAS, QTL mapping and 
comparative genomics 
Most phenotypes or quantitative traits are the result of several genes and their 
interaction with the environment. Quantitative trait locus (QTL) analysis is the 
statistical analysis of both genotypic and phenotypic data to determine the QTL 
locations, regions in the genome which are at the basis of phenotypic variation for a 
certain quantitative trait. Both population-based genome-wide association studies 
(GWAS) and family-based QTL mapping approaches are now used in QTL analysis and 
will lead to marker-assisted breeding and selection approaches. The population-
based GWAS uses a population of unrelated individuals whereas family-based QTL 
mapping is applied to individuals resulting from several crosses among different 
founding genotypes (Mitchell-Olds, 2010). With the introduction of the next-
generation sequencing technologies, single-nucleotide polymorphisms (SNP) are 
now increasingly used to link genotypes to phenotypes. Agarwal and colleagues 
provide an overview of the traditional molecular markers used in plant research 
including restriction fragment length polymorphism, random amplified polymorphic 
DNA, amplified fragment length polymorphisms, simple sequence repeats and SNPs 
(Agarwal et al., 2008). These traditional markers are still extensively used today, but 
newer alternative markers, mainly gene-targeted functional markers, have been 
developed as reviewed by Poczai et al. (2013). The population-based GWAS has the 
advantage of a higher resolution than the traditionally used family-based QTL-
mapping which is only based on recombination over a few generations (Mitchell-
Olds, 2010). The historical population structure, however, must be taken into 
account in GWAS as SNP genotypes between different lineages can be neutral or 
phenotypically important and false positives or false negatives can be identified. This 
is usually prevented by focusing on a single historical population or lineage. The first 
step in this whole process is acquiring the phenotypic and SNP data, performing the 
GWAS or QTL mapping studies and this then results in marker-assisted selection or 
breeding. While SNP data can now be obtained relatively easily, the phenotyping of 
large amounts of plants will probably be the main bottleneck in the future. 
Phenotyping and phenomics is further discussed in section 1.6. 
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1.2.2.1 Whole-genome re-sequencing 
While the genome of many plant species still needs to be sequenced, the whole-
genome resequencing of many other plant genomes has already begun. The 
sequence data generated are aligned to the reference genome and genotypes can 
be compared to find sequence variants, mutations and structural rearrangements 
(Varshney et al., 2009). The 1001 genome project is aimed at sequencing 1,001 
Arabidopsis thaliana accessions from a range of geographic locations. Sequencing 
finished in 2013 with the last of the genomes expected to be released soon. All 
sequenced accessions are available as inbred lines for future association studies to 
identify genetic variation linked to adaptation (1001genomes.org). In a study from 
2011 they have already shown that polymorphisms identified in the 80 already 
sequenced accessions can be used for imputation of polymorphisms in strains that 
have only been analyzed with a 216k SNP array (Cao et al., 2011). In maize, 
resequencing of 6 inbred lines, revealed the existence of several presence/absence 
variations of entire genes between the lines. Their results suggested that gene 
content complementarity might play an important role in heterosis in maize. They 
also uncovered about 300 putative genes that are missing in the current maize 
genome release by resequencing this line (Lai et al., 2010). Other projects have 
involved sequencing and/or resequencing of soybean, millet and sorghum to identify 
SNPs between different genotypes (Lam et al., 2010; Zhang et al., 2012; Bekele et al., 
2013). In rice a GWAS was performed for 14 agronomic traits in 517 landraces and 
the identified loci explained on average 36% of the phenotypic variation (Huang et 
al., 2010). For large and complex genomes, resequencing whole genomes remains 
difficult. Genotyping-by-sequencing has been specifically developed for those crops 
to capture a reduced representation of the genome using restriction enzymes. 
Genotyping-by-sequencing was successfully used in barley and wheat resulting in the 
identification of 34,000 and 20,000 SNPs respectively (Poland et al., 2012a; Poland 
et al., 2012b). 
1.2.2.2 Targeted re-sequencing 
Aside from whole-genome resequencing, targeted (re-)sequencing of several genes 
to whole exomes is now increasingly used in several plants, both sequenced and 
unsequenced, using sequence capture approaches. Initially micro-arrays with probes 
were used to capture the target DNA sequences. This approach was successfully used 
in maize, which already had a reference genome, to resequence 43 genes in a 
sequenced and an unsequenced variety (Fu et al., 2010). First a subtraction array was 
used to discard the repetitive sequences which are overrepresented in plant 
genomes. In the next step the sequences of interest were captured on a second array 
and subsequently sequenced. The array-based approach was further modified and 
resulted in a solution-based hybridization in which biotin-labeled probes are 
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captured using streptavidin magnetic beads. This approach was used on two 
unsequenced plants to perform exome capture which selectively captures the coding 
regions of a genome. In sugarcane, two varieties were compared using probes mainly 
designed on predicted coding sequences from sorghum, a close relative, as well as 
some sugarcane ESTs, to enrich for coding sequences in an effort to study SNPs 
(Bundock et al., 2012). Transcriptome data were used to design probes in pine, an 
unsequenced species with a particularly large genome of 21.7 Gbp (Neves et al., 
2013). While the unknown positions of the introns led to a lower capture efficiency 
of the exons, they were still able to efficiently enrich and sequence genic portions of 
two pine species. Avoiding the costly whole genome (re-)sequencing, exome capture 
can provide a first characterization. 
1.2.3 The future for genomics in crops 
The NGS techniques have produced a surge in de novo genome assemblies, whole-
genome re-sequencing and targeted (re-)sequencing at levels from a couple of genes 
to exomes. These techniques are certainly no longer limited to just model species 
and have already proven their worth in the analysis of many crops. The size of crop 
genomes, their repetitive nature, their polyploidy and heterozygosity however still 
pose problems in the assembly of genomes. Hybrid approaches using the short reads 
from NGS platforms and longer reads from third-generation sequencing 
technologies might alleviate this problem in the future. The next couple of years will 
certainly bring growing numbers of sequenced crops. One such initiative is the recent 
African Orphan Crops Consortium with an objective of sequencing, assembling and 
annotating the genomes of 100 traditional African crops6. Re-sequencing will provide 
more information on chromosome structure variation and rearrangements as well 
as on SNPs, presence-absence variations and novel genes. All these data will provide 
additional information on annotation of the genes, improve our fundamental 
understanding of plants and aid in breeding using GWAS, QTL mapping and later 
marker-assisted breeding or selection. Other omics approaches such as 
transcriptomics, proteomics, metabolomics and phenomics will however play a 
significant role into translating this static genome knowledge into dynamic plant 
response understanding. 
  
                                                                
6 http://news.ucdavis.edu/search/news_detail.lasso?id=10804 
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1.3 Transcriptomics 
Probably the easiest way to study changes in gene expression on a genome-wide 
scale is through transcriptomics. The structure of RNA is homogenous and simple 
and therefore the analysis is the most straightforward compared to protein and 
metabolite analysis. 
1.3.1 Transcriptome technologies 
1.3.1.1 Tag-based approaches 
Serial analysis of gene expression (SAGE), developed by Velculescu et al. in 1995, is 
based on the generation of 15 bp tags from a defined position in each transcript, 
which are then concatenated, cloned into a plasmid vector and ultimately sequenced 
using Sanger sequencing (Velculescu et al., 1995). Massively parallel signature 
sequencing is a more advanced technique based on sequencing of tags. It generates 
17 bp tags that are sequenced using a fluorescence-based signature sequencing 
method on microbeads (Brenner et al., 2000; Reinartz et al., 2002). To analyze the 
abundance of a transcript, one simply calculates the number of times that a certain 
tag was found. Though no sequence data needs to be identified a priori, the tag 
needs to be identified as belonging to a gene to convey its biological meaning and 
this step can be difficult in plants with limited genetic resources. DNA sequences are 
not as well conserved as amino acid sequences and therefore a cross-species 
identification based on a short tag is problematic. The development of superSAGE in 
which longer tags were generated (26 bp) (Matsumura et al., 2003), made the SAGE-
approach feasible for unsequenced non-model organisms though still challenging 
(Coemans et al., 2005; Carpentier et al., 2008). 
1.3.1.2 Microarrays 
At the same time microarrays, which were significantly cheaper and more high-
throughput, were also developed for transcriptomics studies. Microarrays use 
known probes that will hybridize with the labeled sample and based on the intensity 
of these dyes transcript levels are estimated. This however implies that sequence 
information exists before generation of the microarray and this is seriously limited 
in non-model crops. The limited sequence availability in non-models can be 
overcome by the use of microarrays of closely related species or by the generation 
of a species-specific microarray based on known EST data for instance, but these 
analyses will be less informative (Davey et al., 2009; Pariset et al., 2009). Since more 
and more sequence and annotation information becomes available from NGS 
technologies, microarray analysis can be used in an increasing number of species 
although other limitations remain. Microarray analysis is hampered by high 
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background noise due to cross-hybridization as well as saturation of signals. 
Microarrays therefore have a limited sensitivity and dynamic range. Furthermore, 
microarrays are closed platforms as unknown transcripts cannot be detected. 
Whole-genome tiling arrays may provide part of the solution towards the detection 
of new gene transcripts in a sequenced organism but are more expensive and still 
suffer from the general drawbacks of a microarray approach (Valdés et al., 2013).  
1.3.1.3 RNA-seq 
With the availability of the next generation sequencing technology, also came the 
possibility to sequence mRNA, or rather mRNA converted into cDNA, in a high-
throughput way, greatly reducing costs. This technique, termed RNA-seq, has clear 
advantages for non-model and model organisms over the other transcriptomics 
methods: no previous sequence knowledge is required and a higher sensitivity and 
dynamic range can be achieved (Wang et al., 2009). After fragmentation of the mRNA 
and cDNA synthesis, adaptors are fitted to the fragments and sequencing is 
performed on one of the NGS platforms. Reads can be aligned to a known reference 
genome but de novo assembly of reads into contigs is also possible which increases 
the use of this technique for crops whose whole genome is not sequenced as was 
demonstrated in e.g. wheat, agave and horse gram (Bhardwaj et al., 2013; Gross et 
al., 2013; Oono et al., 2013b). When a reference genome is already available, RNA-
seq can provide additional information necessary to identify previously unknown 
gene coding sequences. Furthermore the data can also be used to improve existing 
annotation both in identifying actual intron-exon structure as well as in identifying 
different splice variants as was shown in maize where 16-17% of all transcripts were 
novel splice isoforms (Kakumanu et al., 2012). Furthermore, in contrast to the high 
background noise caused by cross-hybridization in micro-arrays most RNA-seq reads 
can be unambiguously mapped to a region of the reference genome. This makes 
RNA-seq an excellent tool to differentiate between isoforms of a gene family, which 
are a widespread phenomenon in complex crop genomes. On the other hand, the 
alignment of sequence reads that are shared between several loci and therefore 
align to several locations on the genome is still complicated. One solution is to assign 
these reads proportionally to the number of unique and splice reads at these loci 
(Mortazavi et al., 2008). Moreover, aside from being unbiased towards previous 
sequence knowledge, RNA-seq is also much more sensitive. This sensitivity comes at 
a price though. To detect rare transcripts, more coverage and therefore more 
sequencing depth is needed which increases the sequencing cost. Lastly, the 
dynamic range of RNA-seq is also substantially higher with about five orders of 
magnitude compared to the couple of hundred-folds of microarrays (Wang et al., 
2009; Zhao et al., 2014). 
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1.3.2 The future for transcriptomics in crops 
With the introduction of NGS, RNA-seq seems the transcriptomics tool for the future, 
especially in crops. At the moment, the high costs associated with RNA-seq still 
prevent the large scale analysis of many varieties in different conditions. However as 
the NGS techniques keep evolving, costs are likely to drop and might no longer be 
the limiting factor in the future. As more and more genomes are sequenced, 
alignments to reference genomes will probably become the norm, which also 
significantly reduces the analysis time required for de novo assembly. Nowadays, 
qPCR analysis is often combined with RNA-seq data to demonstrate the validity of 
the results obtained with RNA-seq in a selection of genes. qPCR can and will also play 
a complementary role to RNA-seq allowing the screening of the expression of 
candidate genes in more varieties and/or under different conditions. 
1.4 Proteomics 
Due to regulation at the translational level and post-translational modifications 
(PTMs), it is important to also analyze the final product of the genetic code, proteins, 
since they are the actual effectors in the plant. A discrepancy between mRNA levels 
and protein levels has been shown in many cases and mRNA contains no information 
on, for instance, PTMs which can affect a protein’s function or activity (Gygi et al., 
1999b). Whereas genomics and transcriptomics have the advantage of a 
homogenous sample substrate, the heterogeneity of proteins poses significant 
challenges for proteomic analysis. While DNA and RNA only contain 4 nucleotides, 
proteins are made up of 20 amino acids with very different chemical properties. 
Moreover, there is a significant difference in abundance between the most and the 
least abundant protein and since no amplification methods, such as polymerase 
chain reaction for DNA, exist for proteins, all methods show a reduced dynamic 
range. Current proteomics technologies can measure an order of magnitude of 5 in 
intensity, but usually only 3 orders of magnitude can be successfully identified 
(Michalski et al., 2011) (Figure 1.2). 
It is therefore at the moment still impossible to use one single technique to study 
the whole proteome. We will first outline the high-throughput blind differential 
analysis techniques followed by the methods used to validate candidate genes and 
finally we will focus on a few subproteomes. 
All proteomics approaches involve the same basic steps: protein extraction, 
separation and/or visualization of proteins and/or peptides, quantification and 
identification. 
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Figure 1.2: Histogram of intensity of the detected features in an LC-MS/MS run (figure from 
Michalski et al., 2011). An order of magnitude of 5 in intensity is measured at the MS level, 
but identified peptides only cover an order of magnitude of 3. Light gray: all peptides, mid 
gray: all peptides targeted for MS/MS and dark grey: targeted and identified peptides. 
1.4.1 High-throughput blind differential analysis 
To date the most used method in differential proteomics in crops is the analysis of 
whole cell extracts using a gel-based approach (Agrawal et al., 2013; Barkla et al., 
2013). Gel-based proteomics has the reputation, however, of being a slow and 
cumbersome art. The development of the more high-throughput gel-free 
approaches in crops might provide an answer to some of the problems associated 
with gel-based proteomics. 
1.4.1.1 Gel-based differential proteomics: 2DE 
1.4.1.1.1 Protein extraction 
The first crucial step in plant proteomics is the extraction of the proteins from the 
plant material. Plant cells have a low protein to volume content, but contain 
significant amounts of interfering substances such as phenols, polysaccharides, 
lipids, pigments, proteases and oxidative enzymes. The most used protocol is a 
TCA/acetone precipitation protocol which was developed in the eighties and has 
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more recently been adapted (Damerval et al., 1986; Rabilloud and Chevallet, 2000; 
Mechin et al., 2007). However for even more recalcitrant plant tissues, a phenol 
extraction followed by ammonium acetate precipitation was shown to be more 
powerful. This protocol was also developed in the eighties and more recently 
adapted (Schuster and Davies, 1983; Saravanan and Rose, 2004; Carpentier et al., 
2005). If only a specific subgroup of proteins is targeted, e.g. membrane proteins, a 
pre-fractionation technique needs to be applied as is discussed in 1.4.3. 
1.4.1.1.2 Protein separation 
Extracted proteins are then separated by two-dimensional gel electrophoresis, first 
described by O’Farrell (1975), in which denatured proteins are first separated based 
on their isoelectric point (pI) and then in a second dimension based on their 
molecular weight. 
1.4.1.1.3 Protein visualization and quantification 
Several techniques exist to visualize the proteins on the gel. Post-electrophoresis 
stains include Coomassie brilliant blue, silver and the fluorescent SYPRO dyes. While 
all these post-electrophoresis stainings are limited to one sample per gel, 
multiplexing of two samples and an internal standard is possible using the difference 
gel electrophoresis (DIGE) technique (Alban et al., 2003). Samples are labelled prior 
to electrophoresis with dyes that have different excitation and emission 
wavelengths. While two samples are usually run per gel, more importantly a pooled 
internal standard is also added allowing for easier gel-to-gel matching and better 
quantification eliminating a significant amount of experimental variation. 
Fluorescent labels and specialized equipment such as low fluorescent glass plates, a 
fluorescence scanning system and specific software however do raise the costs. 
Quantitative analysis of the detected spot intensities is performed with specific 
image analysis software such as DeCyder (GE Healthcare Life Sciences7) and Delta2D 
(Decodon8). In brief, the software will detect spots on the images. Subsequently, a 
spot volume threshold will need to be determined by the user to separate the actual 
protein spots from erroneously detected noise signals. The software will then 
perform the matching of the gels based on the internal standard images followed by 
normalization procedures, quantification and statistical analysis of the standardized 
spot volumes. Fold changes in relative abundances are reported between the tested 
conditions. The statistical approaches include both univariate and multivariate 
methods such as Student’s t-test and PCA. 
                                                                
7 http://www.gelifesciences.com 
8 https://www.decodon.com 
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1.4.1.1.4 Protein identification 
Until the end of the eighties, Edman degradation was the main method for protein 
identification. This method labels the N-terminal peptide, cleaves it from the rest of 
the protein and identifies it using chromatography (Edman and Begg, 1967). Several 
cycles of these steps will lead to the identification of the protein sequence. 
Nowadays, the identification of proteins in spots is mostly carried out using mass 
spectrometry. Selected spots are picked from the gel and the proteins in the gel plug 
are digested into peptides using a protease such as trypsin. The peptides are 
extracted from the gel plug and analyzed with a mass spectrometer. In general, 
determining only the m/z of the peptide fragments generates insufficient 
information for positive identifications in crops. Two mass analyzers separated by a 
collision cell are usually combined to form a tandem mass spectrometer (MS/MS). 
The first mass analyzer will determine the m/z of the peptides, the so-called 
precursor ions. Consequently, precursor ions with specific m/z ratios are selected 
and fragmented in the collision cell. Finally the intensity and mass of these fragments 
are measured in the second mass analyzer on the detector. The signal data are 
converted into mass spectra: one MS spectrum of the whole mixture containing all 
measured peptides (precursor ions) and one MS/MS spectrum per fragmented 
precursor ion. The latter will lead to peptide identifications and in combination with 
the former to protein identifications using search algorithms against amino acid 
sequence databases. The most popular search algorithms include Mascot (Perkins et 
al., 1999), SEQUEST (Eng et al., 1994), X!Tandem (Craig and Beavis, 2004) and 
OMMSA (Geer et al., 2004). 
Matrix-assisted laser desorption/ionization (MALDI) followed by time-of-flight (TOF 
or TOF/TOF) mass spectrometry is still the most widespread identification method in 
plant proteomics following two-dimensional gel electrophoresis (2DE) analysis 
(Champagne and Boutry, 2013). The medium sensitivity and resolution of MALDI-
TOF/TOF mass spectrometers are sufficient for most gel-based proteomics goals. 
1.4.1.2 Gel-free differential proteomics: LC-MS/MS or 2DLC-MS/MS 
The other main method in differential proteomics is the gel-free approach, also 
referred to as the bottom-up or peptide-based approach. After extraction, proteins 
are immediately digested into peptides and this peptide mixture is separated, using 
liquid chromatography (LC) or 2D-LC. The fractions are analyzed on-line by coupling 
the LC-column to a mass spectrometer. The digestion into peptides is recommended 
as high-throughput top-down mass spectrometry of intact proteins is extremely 
challenging. 
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1.4.1.2.1 Protein extraction 
As in gel-based proteomics, a gel-free method starts with the extraction of the 
proteins. While the same extraction methods such as TCA and phenol extractions 
can be used, gel-free approaches need to be performed on detergent-free samples. 
Detergents can after all prevent enzymatic digestion and dominate mass spectra due 
to their easy ionization and relative abundance compared to peptides (Wisniewski 
et al., 2009). Therefore proteins must either be solubilized without detergents, an 
acid labile surfactant must be used as a detergent, or the detergent has to be 
removed by filter aided sample preparation (Yu et al., 2003; Manza et al., 2005; 
Wisniewski et al., 2009; Vertommen et al., 2011a). Protein samples are then digested 
into peptides using an enzyme such as trypsin. 
1.4.1.2.2 Peptide separation 
Separation of the peptides is performed by liquid chromatography. In the beginning 
of this century, the multidimensional protein identification technology (MudPIT) was 
introduced. The peptides are first separated based on their inherent charge on a 
strong cation exchange column (SCX). Fractions are then further separated based on 
the hydrophobicity of the peptides using a reversed phase (RP) column. The columns 
are coupled to a mass spectrometer which creates an automated, high-throughput 
workflow (Washburn et al., 2001). The MudPIT method has largely been replaced by 
long gradient RP or RP-RP coupled chromatography since mass spectrometers with 
higher mass accuracy, resolving power and scan speed are now available (see 
1.4.1.2.3). In RP-RP, two different pH are used for elution from the first and the 
second column, respectively. Gilar and his colleagues demonstrated that a higher 
peak capacity in the first dimension compared to SCX resulted in more fractions with 
less overlap and also observed less peptide losses in that first dimension compared 
to SCX. Moreover, since both mobile phases are salt-free, they are compatible with 
MS analysis (Gilar et al., 2005). Our group was one of the pioneers exploring this 
technique on a crop (Vertommen et al., 2011a). 
1.4.1.2.3 Peptide quantification and protein identification 
Gel-free differential proteomics makes use of mass spectrometry for both 
quantification and identification. 
Protein identification and quantification remains a challenge in gel-free approaches 
in plants. Peptides shared between several proteins do not contribute to the 
conclusive identification of a protein. This is the so-called protein inference problem. 
Tryptic specific peptides need to be measured and identified for final protein 
identification and quantification. Large gene families present in plants complicate 
the identification and quantification further. 
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The quantification of peptides/proteins is based on one of two approaches: label-
based or label-free. In the label-based methods one can discern chemical labeling 
methods, which take place after extraction of the proteins, and metabolic labeling 
methods, which involve incorporation of the label during the growth of the plant. 
Isotope-coded affinity tags (ICAT) and isotope-coded protein labels (ICPL) are both 
quantified at the MS level (Gygi et al., 1999a; Schmidt et al., 2005). One sample is 
labelled with a tag with light isotopes and the other with a heavy isotope tag which 
results in predictable peptide-tag weights which are measured at the MS level. The 
isobaric tag for relative and absolute quantification (iTRAQ) method uses tags that 
generate isobaric precursor ions and produce specific fragments (reporter groups) at 
the MS/MS level (Wiese et al., 2007). Metabolic labeling methods on the other hand 
offer the advantage that all samples can be mixed even before protein extraction 
reducing the effect of technical variation considerably (Bindschedler and Cramer, 
2011). Indeed, metabolic labeling already takes place within the organism during 
protein biosynthesis through the incorporation of labeled amino acids or important 
nutrients which are present in the growth medium. The most well-known method, 
stable isotope labeling with amino acids in cell culture (SILAC), has been shown to be 
less successful in plant systems than in animal systems as labeled amino acids were 
only partially incorporated in cell cultures (Ong et al., 2002; Gruhler et al., 2005). 
Plants as autotrophic organisms are able to synthesize all amino acids from inorganic 
nitrogen in the medium and therefore do not show full incorporation of what is an 
essential amino acid in animals. On the other hand, hydroponic isotope labeling of 
entire plants (HILEP) and stable isotope labeling in planta (SILIP) use the plant’s 
incorporation of inorganic 15N into amino acids to label the proteins and accomplish 
a more complete incorporation (Bindschedler et al., 2008; Schaff et al., 2008). All 
inorganic nitrogen sources in the form of salts in the media (HILEP) or in the fertilizer 
for the soil (SILIP) are the standard 14N sources in one sample and are replaced with 
15N-labelled nitrogen sources in the other sample. HILEP was developed in 
Arabidopsis but the same authors show that proteins in woodland strawberry can 
also be labeled this way (Bindschedler et al., 2008; Agrawal et al., 2013). The SILIP 
method was shown to work with two month-old tomato plants grown in 
greenhouses (Schaff et al., 2008). Label-free LC-MS/MS approaches on the other 
hand can be performed on any biological sample and experimental set-up, require 
less time-consuming steps and avoid the cost of the labeling reagents (Bantscheff et 
al., 2007). The two widely used quantification methods in label-free quantification 
are based on either measuring the intensities of the precursor ions or spectral 
counting. Spectral counting is a very simple procedure and is based on the idea that 
more MS/MS spectra of peptides of a more abundant proteins will be collected than 
of less abundant proteins (Washburn et al., 2001). A more advanced method called 
protein abundance index (PAI) calculates the number of sequenced peptides 
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belonging to a protein divided by the theoretical number of peptides and takes into 
account that a larger protein and proteins with more peptides within the measured 
mass range generate more observed peptides (Rappsilber et al., 2002). The same 
authors later refined the method by introducing the exponentially modified PAI 
(emPAI) which is calculated as 10PAI-1 and which was shown to be directly 
proportional to the protein content (Ishihama et al., 2005). The alternative label-free 
method to spectral counting, which uses peak intensities, extracts the ion 
chromatogram of each peptide from the LC-MS/MS run and integrates the peak 
areas over the time the peptide was eluted (Chelius and Bondarenko, 2002). For 
label-free quantification methods the main bottleneck remains the variability 
introduced during the chromatography step. As only one sample can be run each 
time, different chromatography runs need to be aligned to each other to find 
corresponding peptides. A highly reproducible peptide chromatography profile is 
therefore necessary. 
Most mass spectrometry approaches use data-dependent acquisition (DDA) analysis 
in which the precursor ions are selected and fragmented based on the data from the 
MS scan. DDA has a strong bias towards more abundant peptides since precursor 
selection is based on the ion intensity and charge determination determined during 
the MS survey scans. In most MS, the precursor survey scan and the MS/MS 
fragmentation scans duty cycles are performed in series (Bantscheff et al., 2007). A 
data-independent acquisition approach (DIA), called MSE, was developed for label-
free approaches by using a mass spectrometer which analyzes all peptides at once 
in a certain chromatographic window by applying an alternating energy level to the 
collision cell. At low energy levels, the precursor masses are measured and at high 
energy levels all precursor masses are fragmented at once (Plumb et al., 2006). This 
enables a very fast cycling between low and high energy duties, enabling an accurate 
quantification of the precursor ions. The fragmentation spectra however are much 
more complex and this leads to poor protein identifications. This is further 
exacerbated by the presence of large gene families within the genome as well as well 
as the heterozygous and polyploid nature of many crops. A combination of DDA-
based spectral libraries and quantitative DIA approaches has successfully been used 
by our group to characterize changes in the proteome during the storage of the apple 
fruit (Buts et al., 2014). Ion mobility is now also used in combination with MSE, 
resulting in high definition MSE. Ion mobility uses the differences in structural 
properties of precursor ions to give those precursor ions a different kinetic energy 
before fragmentation. The different mobility of the precursor ions allows to calculate 
the origin of the fragment ions and will lead to less chimeric spectra and more 
confident peptide identifications (Valentine et al., 2001). This approach however 
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suffers from transmission loss and detector saturation and consequently hinders the 
quantification of both high and low intensity peptides (Shliaha et al., 2013). 
1.4.1.3 Gel-based vs gel-free differential proteomics 
Both gel-free and gel-based methods have their advantages and disadvantages. 2DE 
has the advantage of being a high resolution technique which is able to resolve 
protein isoforms and proteins with PTMs as is discussed in 1.4.2.1. As more and more 
crops are being sequenced, gel-free, peptide-based proteomics will likely become 
the standard in differential studies as it offers a more high-throughput analysis. As 
stated before neither technique can quantify and identify the whole proteome in a 
cell. In a gel-based approach only 1000-3000 spots will be visualized on a 24 cm gel. 
According to Wilkins et al. (1998), only the most abundant proteins, which are 
present in more than 10,000 copies in a cell, are visualized. Hydrophobic and basic 
proteins are also difficult to detect on gels (Wilkins et al., 1998). Moreover, gel-based 
proteomics is also restricted in the size of proteins that can be analyzed. High 
molecular weight proteins are badly transferred from the strips used for the first 
dimension separation to the gels used for the second dimension separation. They 
are also not well resolved on the second dimension of 2DE gels although the use of 
gradient gels can improve this resolution. Low molecular weight proteins (<10 kDa) 
on the other hand will co-migrate with the SDS front and cannot be resolved either 
in the classical buffer system. Gel-free or peptide based approaches also struggle 
with low abundant proteins. As stated above, the major disadvantage of the peptide-
based approach lies in the disconnection between a protein and its peptides. A 
protein sample containing several thousands of proteins is digested and all these 
peptides are now analyzed at once. This leads to both identification and 
quantification problems in the case of non-sequenced organisms such as most crops 
as discussed before in 1.4.1.2.3. As genomes become available, however, this 
identification problem can be tackled more efficiently. 
1.4.2 Digging deeper into differential proteins 
1.4.2.1 Analyzing protein species 
While 2DE may no longer be the tool of choice in high-throughput differential 
proteomics in the future, it is still very effective to identify and quantify protein 
species caused by genetic variations, alternative splicing and/or PTMs. Several spots 
on 2D gels often get the same general identification but in a crop with a sequenced 
genome it becomes feasible to identify isoforms, alternative splice variants and/or 
PTMs (Chapter 5). Protein species, when caused by sequence variation or PTMs, 
often have small differences in pI and a similar mass (Carpentier et al., 2011; Henry 
et al., 2011). This small difference in pI can be observed on 2D gels, especially on 
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zoom strips which offer a high resolution. On the other hand a modification like 
glycosylation might result in the same pI, but causes a mass shift that is 
distinguishable on gels (Laugesen et al., 2007). The resulting horizontal or vertical 
trails of spots are easy to detect on a 2D gel and the quantification of these spots is 
very straightforward which makes differentially expressed isoforms or important 
PTMs simpler to observe. However, not all modifications or amino acid replacements 
result in differences in the net charge of proteins or mass and therefore several 
isoforms can be present in the same spot (Chapter 5). Moreover, 2D does not give 
any information on the position of the PTM on the protein. Therefore, a single spot 
can for example contain two forms of a modified protein with the same type of 
modification on different sites of the protein (Rogowska-Wrzesinska et al., 2013). 
Because of the direct visualization on the gels, however, it is possible to evaluate the 
minimum number of isoforms present. The complexity in a single spot is also much 
lower than in completely peptide-based proteomics using a gel-free blind high-
throughput approach where finding the low-abundant different or modified peptide 
is similar to looking for a needle in a haystack. However, to really dig into the make-
up of the spots at the isoform and/or PTM level, more advanced mass spectrometry 
technology than MALDI-TOF/TOF MS, the usual mass spectrometer linked to 2DE, 
might be necessary (Chapter 5). Further separation of the peptides in a spot during 
liquid chromatography followed by MS/MS allows for more peptides to be identified 
and will lead to a bigger coverage of the proteins. This strategy is obviously no longer 
high-throughput and once the exact peptide which identifies the isoform or PTM has 
been found, a more high-throughput method to analyze and verify quantitative 
expression over time or in more varieties can be used, as is discussed in the next 
paragraph. 
1.4.2.2 Validating differential proteins 
Specific peptides, and therefore the proteins to which they belong, can be very 
accurately monitored using selected reaction monitoring (SRM), also named multiple 
reaction monitoring (MRM). The specificity of this technique allows the identification 
of low abundant peptides and proteins in complex mixtures (Lange et al., 2008). A 
mass spectrometer is set to selectively detect one or several specific precursor ions 
and a selection of fragment ions. The combination of a peptide and fragment for a 
specific protein is called a transition. Each transition needs to be carefully developed 
so that the selected peptides have a good MS response and are specific for a certain 
isoform or modification so proteotypic peptides need to be selected. Moreover for 
each proteotypic peptide fragment ions need to be determined that provide a good 
signal intensity as well as discriminate the targeted peptide from the other peptides 
(Lange et al., 2008). The sample is often spiked with a known amount of heavy-
labeled target peptide to provide absolute quantification (Wienkoop et al., 2010). 
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The technique has also been dubbed Mass Western as it is able to outcompete 
immunoassays in the study of isoforms once efficient proteotypic peptides have 
been identified (Lehmann et al., 2008). Four different sucrose phosphate synthase 
isoforms were quantified in Arabidopsis using SRM (Lehmann et al., 2008). The 
different isoforms showed differential expression patterns in different tissues and 
the authors also identified a cold responsive isoform. SRM can be used to very 
accurately identify specific isoforms in a multitude of conditions, tissues and 
experiments. The scope of a SRM study can stretch from a few specific marker 
proteins to complete metabolic pathways (Wienkoop et al., 2010). While the 
standard peptide-based approaches are high-throughput as to the number of 
proteins in an experiment, only a limited number of samples can be run due to long 
run times and inter-run variation. SRM/MRM approaches on the other hand focus 
on fewer proteins but the shorter run time allows for more sample to be run 
providing a higher throughput in number of biological replicates and/or conditions. 
Consequently, the use of 2DE combined with LC-MS/MS to analyze protein isoforms 
in detail combined with SRM once the relevant isoforms and proteotypic peptides 
have been identified, provides an excellent approach for both detailed identification 
and validation of important protein candidates discovered in blind high-throughput 
analyses. 
1.4.3 Subproteomes 
Several protein groups, such as low abundant proteins, membrane proteins and 
modified proteins are severely underidentified in the proteomic analysis of total cell 
extracts. Traditional prefractionation and enrichment methods might introduce 
additional variability in the samples and alternative methods are being introduced 
(Barkla et al., 2013; Vanderschuren et al., 2013). 
Low abundant proteins such as regulatory proteins which may play key roles in the 
response to abiotic stress are often difficult to detect due to the presence of other 
more abundant proteins. Especially in green plant tissue, ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBisCO) dominates the protein content (Ellis, 1979), 
visually obscuring several spots in gel-based approaches. In gel-free approaches, 
peptides co-eluting with RuBisCO peptides could be less ionized due to ion 
suppression and are less likely to be picked for MS/MS analysis due to the 
overabundance of RuBisCO peptides. Combinatorial peptide ligand library is a 
method which removes the most abundant proteins before protein/peptide 
separation (Thulasiraman et al., 2005). Beads carry a large number of copies of the 
same ligand, often a hexapeptide. Each bead carries a different hexapeptide which 
results in 64 million combinations when all 20 natural amino acids are used (Righetti 
et al., 2006). While highly abundant proteins will cover their bead quite quickly and 
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the protein surplus can no longer bind and is removed, lower abundant peptides will 
continue binding to their bead when more of the sample is added. This will 
selectively enrich for the lower abundant proteins. While this technique has mostly 
been used on human tissue and biological fluids, it has successfully been applied to 
Arabidopsis and spinach leaves as well as pumpkin phloem (Boschetti et al., 2009; 
Fasoli et al., 2011; Frohlich et al., 2012). While the enrichment may vary from protein 
to protein within a sample, it was shown that a given protein is proportionally 
retained in different samples treated in parallel in human plasma and red blood cells 
(Roux-Dalvai et al., 2008; Sihlbom et al., 2008). This differential comparison has not 
yet been performed in plants. 
Another group of particular importance are membrane proteins. Membrane 
proteins are poorly soluble and are also low abundant (Vertommen et al., 2011b). 
Centrifugation-based separation consists of several centrifugation steps leading to a 
membrane enriched fraction which is often followed by density gradient 
centrifugation to isolate specific membranes or organelles. Another method is free-
flow electrophoresis in zone electrophoresis mode which separates membranes 
based on their charge (Braun et al., 2007). Combining these two approaches results 
in a substantial gain in purity of membrane fractions but specialized equipment is 
required (Eubel et al., 2005; Vertommen et al., 2011b). A peptide-based approach is 
favored as the solubility problem of membrane proteins can be circumvented by 
focusing on the soluble peptides (Vertommen et al., 2011b). 
Modified proteins are another important target group in proteomics. Identifying and 
mapping PTMs, determining their location on the protein, in crops is still in its 
infancy. The most well-known and extensively studied modification is 
phosphorylation. A recent review by Rampitsch and Bykova (2012) showed that most 
phosphoproteomics abiotic stress research has focused on A. thaliana and rice and 
to a lesser extent on maize and soybean. Gel-based methods usually rely on 
phosphospecific stains or immunodetection while in gel-free methods the 
enrichment of phosphopeptides is usually achieved through immunoprecipitation, 
immobilized metal-ion affinity chromatography or titanium dioxide 
chromatography. Mapping a PTM requires extensive sequence information but as 
more and more crops species are being sequenced, the necessary genomic 
information for the identification of phosphopeptides and other PTMs will become 
available (Rampitsch and Bykova, 2012). The transient nature of many PTMs 
however remains a challenge. Bond et al. (2011) and Remmerie et al. (2011) gave an 
extensive overview of the available methodologies for the study of amongst others 
phosphorylation, glycosylation and ubiquitination. Identifying and mapping PTMs on 
peptides and proteins is the first step in PTM research. Next, SRM, as described 
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above, can be used on known modified peptides to quantitatively measure the 
abundance among a range of conditions and varieties. 
1.4.4 The future for proteomics in crops 
Proteomics will always struggle to quantify all proteins in a sample. Both the protein 
chemical heterogeneity and the broad dynamic range make it impossible to use one 
technique to analyze it all. Rather, the best proteomics approach is determined by 
the current biological question. The ideal proteomics approach would be a 
combination of high-throughput systems that offer the ability to study the 
differential expression of as many proteins as possible followed by validation in more 
varieties and conditions. But specific workflows need to be set up to study e.g. 
membrane proteins, low abundant proteins, isoforms and PTMs (Chapter 5). 
1.5 Metabolomics  
Metabolomics is defined as the comprehensive analysis of the metabolites of a 
biological system (Fiehn, 2002). No single analysis method can identify and quantify 
all of the metabolites present in a cell and is unlikely to be ever developed. The plant 
kingdom is estimated to contain anywhere between 100,000 and 1,000,000 
metabolites (Sardans et al., 2011; Obata and Fernie, 2012). But numbers up to 5 
million structures have been named (Weckwerth, 2011). For a single species the 
number is estimated at a few thousand metabolites with an estimate of ca. 5000 
metabolites for Arabidopsis (Obata and Fernie, 2012). Metabolites have a greater 
chemical diversity compared to that of nucleic acids and proteins (Fiehn, 2002). Plant 
metabolite profiling approaches are often used and focus on a specific subset of 
metabolites. 
1.5.1 Metabolomics technologies 
Gas chromatography-mass spectrometry (GC-MS) remains one of the most used 
methods in metabolomics approaches (Obata and Fernie, 2012). It can be used to 
analyze volatile components or components that can be volatilized such as sugars, 
sugar alcohols, amino acids, organic acids and polyamines, and therefore focuses on 
the primary metabolism pathways. The short running time and low cost as well as 
the existence of standard protocols and several metabolite databases for peak 
annotation are the main advantages of this technique. However the use is limited to 
thermally stable volatile metabolites excluding thermolabile and large molecules and 
usually a derivatization step is required before analysis. LC-MS using a reverse phase 
column is frequently used to study secondary metabolites because it allows the 
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study of many metabolites at once (Obata and Fernie, 2012). The introduction of 
ultra-performance liquid chromatography resulted in a higher resolution, sensitivity 
and throughput compared to the standard high-performance liquid chromatography 
(Sardans et al., 2011; Obata and Fernie, 2012). The liquid chromatography columns 
are coupled to high performance mass spectrometers for identification of the 
compounds. Fourier transform based mass spectrometry delivers the highest 
accuracy but other mass spectrometers are frequently used as well (Sardans et al., 
2011; Obata and Fernie, 2012). The LC-MS approach allows the study of many high 
molecular mass and thermolabile compounds at once. There are, however, more 
difficulties in establishing spectral databases as protocols are less standardized and 
the retention time in the LC phase is different for each instrument. Both gas 
chromatography and liquid chromatography methods are mostly limited to targeted 
or profiling analysis and to obtain a true metabolomics approach unknown 
compounds should be able to be identified too. Nuclear magnetic resonance (NMR) 
has proven to be an appropriate tool for determining the structure of novel 
compounds. This approach is highly accurate and reproducible but less sensitive than 
the previous methods so only abundant metabolites will be measured (Fiehn, 2002; 
Sardans et al., 2011; Obata and Fernie, 2012). At the moment even the combination 
of all these methods, similarly to the situation in proteomics, cannot cover the whole 
range of metabolites. 
1.5.2 The future for metabolomics in crops 
While in many of the other omics approaches crop studies are still implementing 
analysis techniques already available to model plants, metabolomics is probably the 
only approach which is readily applied to crops. On the other hand, due to the 
immense heterogeneity in metabolites, it is still very difficult to get a complete 
overview of all metabolites and the abundance problem is not solved either. 
1.6 Phenomics 
Plant phenotyping is a crucial step for stress research. The speaking plant concept 
was first introduced by Hashimoto et al. in the 1980s in which he stated one could 
set up a system in which the input were the environmental factors in a greenhouse 
and the output the plant responses or speaking plant as he called it (Hashimoto et 
al., 1984). To this day we are still analyzing what plants ‘say’ when subjected to 
stress. Commonly used phenotyping tools harvest (parts of) the plant to measure 
weight and leaf area. Samples are then collected for e.g. determination of dry matter 
to estimate plant water content and carbon isotope determination to estimate 
lifetime stomatal closure (Furbank and Tester, 2011). These methods need 
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destructive sampling at selected times and are usually labor-intensive and therefore 
fewer replicates are observed (Walter et al., 2007; Furbank and Tester, 2011). This 
often leads to the decision to only analyze the growth or yield at the end of an 
experiment (Furbank and Tester, 2011). To relieve the phenotyping bottleneck, more 
high-throughput environment controlled platforms need to be developed to 
improve precision and to eventually reduce the need for replications in the field 
(Walter et al., 2007; Furbank and Tester, 2011; Dhondt et al., 2013).  
1.6.1 Phenomics technologies 
In the last years, a number of high-throughput image-based technologies have been 
developed offering the researcher non-destructive methods to observe a plant’s 
response over time. In 1999, Leister et al. were the first to describe a non-invasive 
image analysis to perform a large scale evaluation of plant growth in Arabidopsis 
thaliana (Leister et al., 1999). They showed that ‘plant area estimation’ correlated 
well with plant fresh weight for certain ecotypes. The first fully automated platform 
for Arabidopsis to perform image analysis and apply drought stress by weighing and 
adding water automatically was established in 2005 under the name PHENOPSIS 
(Granier et al., 2006). A year later an automatic image acquisition system 
GROWSCREEN showed that also Nicotiana tabacum growth could be assessed using 
projected leaf area (Walter et al., 2007). Over the last years several commercial 
platforms using conveyor belts have been developed for controlled environments 
and are in use all over the world. Examples include the ScanAnalyzer platform from 
Lemnatec9 and the PlantScreen™ from Photon System Instruments10. These 
platforms integrate weighing and watering systems with several imaging modules 
such as visible light, near-infrared, infrared and others which can be used on both 
roots and shoots. These phenotyping systems are often modular and can be adapted 
for the type of research being performed, going from osmotic, drought and salinity 
stress to nutrient stress and biotic stress screens. 
Visible light imaging mainly measures parameters such as leaf area, leaf orientation, 
plant height and width to estimate amongst other biomass development and plant 
architecture, but additionally can be used to assay e.g. leaf color and senescence. 
Infrared imaging identifies the leaf temperature which is correlated to the opening 
and closing of stomata. Additionally fluorescence imaging can be used to measure 
the chlorophyll fluorescence which is a parameter for the efficiency of 
photosynthesis (Jansen et al., 2009; Furbank and Tester, 2011). In the future several 
                                                                
9 www.lemnatec.de 
10 www.psi.cz 
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other spectral measurements will be added such as near-infrared imaging to 
estimate water levels in leaves as well as in the pots to investigate moisture 
distribution in the root column. 
In the field, hyperspectral remote sensing is used as it is a fast tool which offers good 
spatial and temporal resolution with main applications in prediction of chlorophyll 
content, leaf area index estimations and water status detection (Stuckens et al., 
2011). 
Root phenotyping remains a bottleneck in the automated approach. Root systems 
are often manually laid out in front of a camera or on a scanner but these are often 
destructive approaches (Dhondt et al., 2013). Nagel and colleagues have developed 
two non-destructive systems one using petri dishes filled with an agar medium and 
the other a rhizotron system with soil (Nagel et al., 2009; Nagel et al., 2012). Using 
specifically developed software programs, GROWSCREEN-Root and GROWSCREEN-
Rhizo, they greatly advanced the automation of non-invasive root architecture 
software, tracking root length and branching rates and angles. 
One of the risks of high-throughput and fully automated workflows from image 
acquisition to image processing, is data quality deterioration. Several checkpoints 
should be in place and although supervised image processing has a negative 
connotation because the workflow is no longer fully automated, it does provide the 
chance to review and correct errors in obtained data. For processing steps that 
cannot be fully performed yet by a computer, a semi-automated workflow is the best 
option (Dhondt et al., 2013). 
While high-throughput platforms have been established in several universities, 
research centers and even commercial biotech companies, they are still very costly 
and their application to crops remains rather limited. Aside from Arabidopsis and 
small rosette plants, the automated systems used in controlled environments are 
mainly applied to cereals such as rice and barley and are less suitable for other crops 
as some plants cannot be moved or are too large. This does not prevent several 
advancements for other crops in image-based analysis. Tall greenhouse plants such 
as pepper are for example difficult to transport to a dedicated imaging chamber. Van 
der Heijden and colleagues therefore constructed a device equipped with several 
cameras to span the 3 m high plants which automatically take pictures of the plants 
(van der Heijden et al., 2012). A creative solution to the high cost of 3D 
measurements of plants was the use of the depth camera from the Microsoft© 
Kinect system on rosebushes, yucca plants and small apple trees. This system based 
on reflected light rather than time-of-flight like most depth cameras has a lower 
spatial and depth resolution than these classical cameras but is able to monitor 
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several phenotypic traits such as leaf curvature, leaf morphology and orientation 
(Chene et al., 2012). 
1.6.2 The future for phenomics in crops 
We can conclude that automated, high-throughput phenotyping is still mainly 
limited to cereals or small rosette plants. However, research groups dedicated to a 
specific crop start to apply image-based techniques and work on specific solutions to 
automate their work on that crop. 
1.7 Integrations of omics approaches 
1.7.1 Linking of transcriptome and proteome to genome 
The link between transcriptome or proteome on the one hand and genome on the 
other hand is often a one-way street. The genome is used to annotate results 
obtained by transcriptomics or proteomics. Especially in proteomics, cross-species 
identification in crops is still quite common, but this will be replaced as more 
genomes become sequenced. However proteome and transcriptome data are 
increasingly used to annotate the genome as well. As stated above, RNA-seq 
provides the information necessary to identify previously unknown gene coding 
sequences as well as to improve existing annotations both in identifying actual 
intron-exon structures and the different splice variants. The same can be done with 
proteomics data. Renuse et al. (2011) define ‘proteogenomics’ as the correlation of 
proteomic data with genomic and/or transcriptomic data to enhance our 
understanding of the genome. MS/MS data are searched against a six-frame 
translation of the genome or transcriptome with the goal of identifying novel 
peptides and consequently proteins. Alternatively, de novo sequencing results, in 
which the amino acid sequence of a peptide is determined based on the spectra, can 
be searched against the genome or transcriptome to find these novel peptides. 
Proteogenomics efforts have already delivered results in Arabidopsis, rice and maize. 
In Arabidopsis results suggested that 13% of the proteome was not previously 
covered due to missing or incorrect gene models. Using about a third of the novel 
identified peptides, 778 new protein-coding genes were identified and 695 gene 
models were updated (Castellana et al., 2008). A similar strategy was used in Zea 
mays and resulted in the identification of 165 new protein-coding genes and the 
refinement of 741 gene models (Castellana et al., 2014). A proteome database for 
rice, OryzaPG-DB has been released. At release, it contained 3200 genes of which 40 
with new gene models. All these gene models are based on experimental shotgun 
36 Chapter 1 
proteomic data (Helmy et al., 2011). One of the main bottlenecks in the use of 
proteogenomics is the data analysis. While the search against a database of known 
or predicted proteins is relatively straightforward, large databases are generated for 
the six-frame translated genome resulting in higher error rates. High quality data are 
therefore very important in proteogenomics. The development of a dedicated 
software for an entire proteogenomics analysis would increase the genome 
annotation of several organisms (Renuse et al., 2011). 
1.7.2 Systems biology 
Systems biology is defined as the integration of experimental data from different 
omics platforms, the genome scale reconstruction of entire metabolic pathways and 
the derivation of models capable of predicting the phenotype of plants in their 
environment (Weckwerth, 2011). Not surprisingly systems-based approaches are 
most advanced in Arabidopsis. Several studies already integrate multiple omics 
approaches into interaction networks (Wienkoop et al., 2008; Sulpice et al., 2010; 
Araújo et al., 2012; Baerenfaller et al., 2012; Higashi and Saito, 2013), but the 
integration of all omics approaches (genomics, transcriptomics, proteomics, 
metabolomics and phenomics) into one study has to our knowledge not yet been 
performed. Major challenges remain to successfully implement a complete systems 
biology approach. As of yet, bio-informatics tools still need to be developed to 
integrate and statistically analyze data generated by all the omics approaches. The 
biggest challenge however is to present these data in a way that is comprehensible 
(Mittler and Shulaev, 2013). Moreover, different plant parts, tissues and even cells 
probably respond differently and this will all need to be accounted for in the models 
(Mittler and Shulaev, 2013). This makes systems biology an incredibly powerful but 
expensive and complex approach. 
 Chapter 2  
 
Abiotic stress research in crops 
using omics approaches, osmotic 
stress and banana in the spotlight 
  
38 Chapter 2 
2.1 Introduction 
The main research area of this dissertation is osmotic stress in banana. In the first 
part of this chapter, drought responses and osmotic stress in plants are discussed. In 
the second part, recent applications of the omics approaches, which were reviewed 
in Chapter 1, to abiotic stress research in crops are discussed. A more in-depth look 
into the omics approaches used in banana research, in general and specifically in 
abiotic stress studies, is taken in the third part. 
2.2 Drought and osmotic stress 
2.2.1 Drought stress and water deficit 
Both in nature and in agriculture, plants, being sessile, often experience some form 
of stress imposed by external factors which negatively influence their growth, 
development and production (Bray et al., 2000). Biotic stresses are caused by 
another organism such as bacteria, fungi, nematodes and insects. Abiotic stresses, 
on the other hand, are caused by non-living environmental factors with drought, 
cold, heat, oxygen deficit due to waterlogging and nutrient deficiency as the most 
well-known examples (Bray et al., 2000). 
The terms drought stress and water deficit are often used interchangeably by plant 
physiologists. Some authors, however, define drought as a meteorological term 
which usually points to a prolonged period of abnormally low rainfall (Passioura, 
2007). Drought causes several stresses including temperature stress, light stress and 
water deficit with this last one being the most characteristic (Verslues et al., 2006). 
The term plant water deficit is therefore sometimes preferred over drought stress in 
research as often only this stress factor is actually studied. Plant water deficit is 
defined as the condition when a plant’s water demand exceeds water availability 
(Pardo, 2010). Plant water deficit therefore is not only a component of drought stress 
but also of salinity and cold stress (Verslues et al., 2006). While water deficit also 
plays a role in these last two stresses, it is most important in drought. 
This PhD research has however not focused on the application of actual drought 
stress by withholding water or limiting the water supplied to the plant. Rather an 
osmotic stress treatment was used to create a water deficit. This has the advantage 
that the level of the stress can be tightly controlled in a precise and reproducible 
manner (Verslues et al., 2006). Moreover, banana in vitro heterotrophic and 
autotrophic plant systems are much smaller and can be kept in growth chambers 
with temperature, humidity and light controls which provide a more stable 
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environment than greenhouses and fields. On the other hand, an artificial 
environment is created in which roots are not actually in a drier environment but 
rather are standing in a solution that is restricting the water availability. Although 
the responses to osmotic stress which causes a water deficit are similar to the water 
deficit caused by drought stress, experiments in true drought conditions with more 
realistic soil systems are needed to validate osmotic stress research (Skirycz and Inzé, 
2010). 
2.2.2 Drought tolerance mechanisms 
Drought ‘tolerance mechanisms’ are usually divided into three response 
mechanisms: escape, avoidance and tolerance. 
Drought escape is practiced by plants who complete their whole life-cycle before the 
onset of drought (Ingram and Bartels, 1996). Avoidance mechanisms include 
extensive root systems, reduced stomatal conductance and reduced leaf area. All 
these mechanisms are intended to avoid water deficit in the plant tissues by more 
absorption of water or minimization of water loss and are usually achieved through 
morphological changes (Reddy et al., 2004). Tolerance mechanisms on the other 
hand are aimed at keeping the plant functional during water deficit in the plant. This 
includes osmotic adjustment and the expression of several genes aimed at keeping 
the cell functional as is further discussed in 2.2.3. The most extreme example of 
drought tolerance can be found in the so-called resurrection plants such as 
Selaginella lepidophylla and Craterostigma plantagineum (Ingram and Bartels, 
1996). 
In practice, plants and crops do not use a single response mechanism but rather a 
combination of the previously described mechanisms. 
Most of these tolerance mechanisms come at a price though. Short life cycles often 
lead to smaller yields in crops. Drought avoidance mechanisms often have a reduced 
carbon dioxide assimilation as they try to avoid water loss. Osmotic adjustment 
requires energy to produce the solutes and these have potentially toxic effects when 
acquired in high concentrations (Mitra, 2001). 
2.2.3 Response to water deficit 
Plants respond to water deficit using an array of physiological, biochemical and 
molecular responses. We highlight the ones most relevant to the performed 
research. 
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The first step in the plant response is the perception of the stress. A physical stress, 
e.g. lack of water, needs to be converted into a biochemical response, the triggering 
of a cellular transduction pathway. While it has long been suggested that plants have 
a two-component osmosensor similar to yeast to detect water deficit (Bray, 1997), 
the first pathways in water deficit sensing remain unclear (Miyakawa et al., 2013). 
More is known about the downstream signaling in stress. The plant hormone abscisic 
acid (ABA) is one of the most important signaling molecules during water deficit. In 
response to water deficit, ABA synthesis can be increased, its breakdown decreased, 
and stored ABA can be released resulting in a cytoplasmatic detection and a 
triggering of an ABA-mediated response. In guard cells this will result in stomatal 
closure to prevent water loss and in other cells this will trigger ABA-mediated 
transcriptional regulation (Shinozaki and Yamaguchi-Shinozaki, 2000). Both ABA-
dependent and ABA-independent pathways are involved in the transcriptional 
regulation to water deficit. ABA-inducible genes contain a cis-regulating ABA-
responsive element (ABRE) with an ACGT core (Bray, 1997). The most well-known 
cis-acting element found in ABA-independent pathways is the drought responsive 
element (DRE) which is activated by the transcription factors DRE-binding proteins 
(DREBs). Roychoudhury and colleagues as well as Golldack and colleagues have 
written in-depth reviews of the signaling pathways involved in water deficit 
(Roychoudhury et al., 2013; Golldack et al., 2014). 
The closing of stomata is one of the major responses in drought stress to limit water 
loss through transpiration, but also directly limits the carbon dioxide uptake. This 
results in a diminished photosynthesis rate and growth reduction in the plants. 
Excess light energy which is no longer efficiently utilized in photosynthesis will 
generate reactive oxygen species (ROS) which cause damage to DNA and RNA, 
oxidize proteins and damage membranes (Ingram and Bartels, 1996). Whereas 
photosynthesis rates systematically decline during stress, the respiration rate shows 
more diverse stress-, organ- and species-specific responses (Flexas et al., 2005). 
Several studies have described decreased respiration rates in leaves, shoots and 
roots whereas others have shown unaffected or even increased respiration rates in 
water-stressed plants. These contradictions have not yet been resolved (Flexas et al., 
2005). A higher respiration in the mitochondria is probably related to maintaining 
ATP synthesis to compensate for reduced photosynthesis. This will however also 
increase ROS production in mitochondria during drought (Miller et al., 2010). ROS 
have been shown to play a signaling role in the plant for stress (Golldack et al., 2014). 
To counteract the deleterious consequences of ROS, the expression of genes 
involved in ROS scavenging is induced. These proteins will either enzymatically 
reduce the ROS (e.g. superoxide dismutase and catalase) or are involved in the 
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production of antioxidantia which will reduce the ROS (e.g. glutathione reductase 
and glutathione transferase) (Mittler, 2002). 
Osmotic adjustment is often reported as an important reaction to water deficit. This 
includes accumulation of sugars, amino acids, polyamines and quaternary amines 
(Reddy et al., 2004). These solutes lower the water potential in a cell which allows 
for longer absorption of water and therefore increased turgor pressure in the cell. 
These solutes probably have other roles as well including stabilization of proteins 
and membranes and ROS scavenging (Bartels and Sunkar, 2005). Osmotic 
adjustment has however been questioned for use in field crops as a positive 
correlation has only been shown under severe water deficits and overexpression has 
been shown to have pleiotropic effects and a stress-inducible and/or tissue-specific 
overexpression will be necessary (Serraj and Sinclair, 2002; Wang et al., 2003). 
Aside from the above described mechanisms which often activate pathways in 
stressed plants proteins involved in cellular protection are often more abundant 
during stress. These include late embryogenesis-abundant proteins, aquaporins and 
chaperones (e.g. heat shock proteins) (Ingram and Bartels, 1996; Bartels and Sunkar, 
2005). 
2.2.4 Water deficit research  
Traditionally three main approaches have been used in drought stress and water 
deficit research (Ingram and Bartels, 1996). The first one involves the analysis of 
desiccation tolerant systems such as seeds and resurrection plants. While surviving 
extreme desiccation is certainly a valuable strategy in nature, the relevance of 
researching severe stress has been questioned in the search for drought tolerant 
crops. The second strategy involves the use of a model plant with a large amount of 
genetic resources. In this PhD research, we focused on the third strategy by using 
the actual crop and analyzing its response to stress. 
2.3 Omics for abiotic stress: recent applications 
2.3.1 Genomics 
The sequencing of crop genomes undoubtedly contributes in a major way to the 
advancement of abiotic stress research on crops. A reference genome facilitates 
both proteomic and transcriptomic research and the sequencing of additional 
varieties opens perspectives for GWAS. The number of GWAS on abiotic stress is still 
rather limited but GWAS on barley and rice have already been performed (Huang et 
42 Chapter 2 
al., 2010; Cai et al., 2013; Visioni et al., 2013). The phenotyping and whole genome 
resequencing of 517 rice varieties for instance resulted in the identification of four 
loci which contribute to the phenotypic variance in drought tolerance (Huang et al., 
2010). 
2.3.2 Transcriptomics 
The application of RNA-seq to study crop responses to abiotic stress has really taken 
off in 2013. Analyzed crops include potato, tomato, rice, Jatropha and soybean which 
had expected results including induction of transcription factors and stress response 
transcripts to stresses such as drought, exposure to exogenous ABA, cold and 
phosphorus deficiency (Vidal et al., 2012; Oono et al., 2013a; Wang et al., 2013a; 
Wang et al., 2013b; Zhang et al., 2014). The somewhat lesser known crops agave and 
horse gram, a potential supplier for bio-energy which is drought tolerant and a 
legume mostly used as fodder, do not have sequenced genomes yet and de novo 
transcriptome assembly proved to be successful resulting in 35,000 and 22,000 
estimated protein coding genes, respectively (Bhardwaj et al., 2013; Gross et al., 
2013). Since the genome of wheat is also not yet fully completed, a de novo 
transcriptome assembly was also used for wheat to study phosphorus deficiency 
(Oono et al., 2013b). Comparisons to other species such as rice and Arabidopsis 
showed that many features were well conserved and that RNA-seq was able to 
capture the phosphorus deficiency transcriptome profile of wheat. In alfalfa 
(Medicago sativa), a salinity stress transcriptome revealed that although it has a 
close relative in Medicago truncatula, only 50% of the differentially expressed genes 
identified in the alfalfa RNA-seq study are represented on an M. truncatula 
microarray and can correctly bind to the microarray probes (Postnikova et al., 2013). 
But RNA-seq can certainly be useful to discover new transcripts in species with a 
sequenced genome as well. Kakumanu et al. (2012) revealed that out of all 
transcripts 16-17% were novel splice isoforms in a maize drought transcriptome 
analysis. In the comparison of both reproductive and leaf meristem tissues, they 
found that in the drought-stressed maize ovaries programmed cell death was 
activated, the cell cycle was halted and drought signaling was impaired whereas 
carbon starvation signaling was heightened. These events were not observed in the 
leaf meristem where the antioxidant defense mechanisms seemed to function 
successfully and changes related to programmed cell death did not occur. While 
these RNA-seq results are very interesting, several of the identified transcripts 
belong to genes of unknown function. This is a widespread phenomenon and the 
same orthologs of unknown function are frequently found in drought related studies 
as shown by Dugas et al. (2011). The fact that these unknown gene products are so 
well conserved suggests that they may play an important role in the response to 
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water-limiting environments. In conclusion, RNA-seq offers researchers the ability to 
investigate species-specific abiotic stress responses in both unsequenced and 
sequenced crops, but the actual function of some of the identified transcripts 
remains elusive although a first annotation might be deduced from the experimental 
set-up. 
2.3.3 Proteomics 
As evidenced by the large number of reviews, abiotic stress responses in crops are 
often studied with proteomics approaches (Jorrín et al., 2007; Salekdeh and 
Komatsu, 2007; Jorrin-Novo et al., 2009; Roy et al., 2011; Sobhanian et al., 2011; 
Abreu et al., 2013; Agrawal et al., 2013; Barkla et al., 2013; Hossain et al., 2013; 
Ghosh and Xu, 2014; Ngara and Ndimba, 2014). Many of the recent studies have still 
employed 2DE approaches and several stress-responsive proteins are commonly 
identified in several treatments and species (Barkla et al., 2013). Proteins involved in 
energy metabolism and oxidative stress response as well as heat shock proteins and 
pathogenesis-related proteins are often identified as involved in the stress response 
while signaling and membrane proteins are frequently underrepresented in the 
traditional total protein extract 2DE approach. The scope of proteomics studies will 
therefore have to broaden beyond gel-based approaches to also include high-
throughput gel-free approaches as well as specific studies which focus on 
subproteomes. As more and more crop species are being sequenced, gel-free 
peptide-based proteomics will probably become the standard for high-throughput 
crop differential proteomics. Only a few peptide-based abiotic stress studies on 
crops have been published to date (Ford et al., 2011; Neilson et al., 2011; Mirzaei et 
al., 2012a; Mirzaei et al., 2012b; Vanderschuren et al., 2013; Buts et al., 2014). 
Mirzaei and colleagues used a shotgun proteomics approach on rice and provided 
evidence that protein accumulation patterns are significantly different between 
moderate and severe drought. They withheld water from rice plants for 14 days, with 
sampling after 10 days (moderate drought) and 14 days (extreme drought), after 
which they rewatered the plants. Aquaporins for instance were more abundant in 
well watered and severely dehydrated plants than in those who were moderately 
dehydrated or rewatered. A heat shock protein 70 was more abundant under mild 
drought stress and less abundant in severely stressed plants (Mirzaei et al., 2012a). 
2.3.4 Metabolomics 
Several metabolic studies have already been conducted in a range of plants. Arbona 
et al. (2013) and Obata and Fernie (2012) recently reviewed metabolomics research 
regarding plant abiotic stress. It is not surprising that plants have a diverse metabolic 
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response towards different abiotic stresses. Obata and Fernie (2012) compared 
several Arabidopsis metabolite studies for different stresses to identify common and 
stress-specific metabolic responses. Metabolites are accumulated more during 
abiotic stresses and could potentially be used as building blocks after stress to 
support a recovery. Levels of sucrose increased during most abiotic stresses. 
Similarly the levels of osmoprotectants such as raffinose and proline were heavily 
increased during several stresses. The sugar trehalose on the other hand showed a 
significantly smaller increase and only in specific stresses and probably has a 
different function which could be related to the signaling function of its precursor 
trehalose-6-phosphate. The studied amino acids (valine, isoleucine, leucine, lysine, 
threonine and methionine) increased more significantly in drought stress than in any 
of the other stresses and this points to a role as compatible solutes although other 
roles are also possible. In conclusion a wide array of pathways are regulated under 
stress and analyses have been performed on carbohydrates, amino acids, 
polyamines and several secondary metabolites. Many of these metabolites have 
regulatory, osmoprotective and/or reactive oxygen species scavenging roles. While 
changes in the primary metabolism show general trends common in several stresses 
and species, the secondary metabolism is more diversified across species and 
changes in the secondary metabolism are specific for a particular type of stress 
(Obata and Fernie, 2012; Arbona et al., 2013). 
2.3.5 Phenomics 
An overview of phenomics approaches for crops, which can also be integrated in 
abiotic stress research, was given in section 1.6 of chapter 1. The completely 
automated phenotyping platforms remain limited to cereals. Further development 
of high-throughput phenotyping approaches for abiotic stress in crops is certainly 
necessary as they remain rather sporadic. 
2.4 Omics in Musa 
2.4.1 Genomics and banana 
The first progress in the Musa genome analysis was made with the construction of 
BAC libraries by several laboratories in 2003 (Aert et al., 2004; Roux et al., 2008). The 
first fully sequenced Musa genome was published in 2012 (D'Hont et al., 2012). The 
sequenced genome came from a doubled-haploid Pahang, a Musa acuminata ssp. 
malaccensis genotype. Transposable elements make up about half of the A genome 
sequence and gene-rich regions are mostly located at the distal parts of the 
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chromosomes. From the pattern of paralogous gene clusters on the chromosomes, 
it was inferred that a total of three whole-genome duplications occurred. Most gene-
duplicated copies were lost with only 10% retained in four copies and 65.4% are 
again single copies. When compared to other species, Musa specific gene clusters 
are enriched in transcription factors, defense-related proteins and enzymes of the 
cell-wall biosynthesis and enzymes of secondary metabolism (D'Hont et al., 2012). In 
2013, the publication of a draft Musa balbisiana genome followed (Davey et al., 
2013). This corresponding B genome was obtained by sequencing a wild diploid 
Musa balbisiana genotype, Pisang Klutuk Wulung, and mapping the reads to the A-
genome after which the consensus sequence was extracted. Due to the direct 
mapping to the A genome instead of independent assembly, the structure and 
organization of the B genome, especially the positions of transposable elements, 
cannot be analyzed. Significant sequence divergence from the A genome was 
observed with one SNP per 39.1 bp. The use of a diploid for the sequencing of the B 
genome allowed to investigate the heterozygosity within one variety. Heterozygosity 
accounted for one SNP for every 33.7 bp. Both genomes can be accessed through 
the Banana Genome Hub which provides several tools to further analyze and use the 
genomes (Droc et al., 2013). 
2.4.2 Transcriptomics and banana 
The combination of SuperSAGE and PCR walking by our group resulted in the first 
analysis of Musa gene expression in 2005 (Coemans et al., 2005). A total of 10,000 
sequenced tags resulted in 5,292 unique tags, but only half of the 100 most abundant 
tags could be identified due to limited EST resources. A re-analysis in 2008, when 
additional EST data were available, resulted in a 76% identification rate for the 50 
most abundant tags with an overall matching rate of 36% (Carpentier et al., 2008). A 
microarray approach was used by Davey et al. (2009) in which Musa RNA was 
hybridized to a Rice GeneChip Genome Array. In total, 2,910 transcripts showed over 
a two-fold difference in expression levels between control and drought stress 
treatments. Many differential transcripts, including a number of genes with 
transcription factor activity, were involved in pathways and processes typically 
implicated in stress responses. The list of genes also overlapped considerably with 
earlier findings in the dehydration responses of Arabidopsis and rice (Davey et al., 
2009). Over the last two years, several groups used RNA-seq technology in banana 
to assess the transcriptome response to Fusarium oxysporum f. sp. cubense Tropical 
Race 4 in both susceptible and resistant cultivars (Li et al., 2012; Bai et al., 2013; Li et 
al., 2013). These various studies used RNA-seq to assemble a de novo transcriptome 
which was followed by a digital gene expression analysis using short tags that are 
aligned to the newly assembled transcriptome sequence. Two resistant varieties, 
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one highly resistant and the other middle resistant, had for instance differentially 
expressed defense-related genes which could point to different resistance 
mechanisms. Further research is still needed however to dissect the functions of all 
genes and the complex interacting pathways (Bai et al., 2013). To our knowledge, no 
results of abiotic RNA-seq studies have been published in Musa so far. Our group is 
now analyzing RNA-seq data from osmotically stressed leaf and root samples from 
three different genotypes. Further investigation of several candidates at more time 
points will be performed using qPCR (Jassmine Zorilla, personal communication). 
2.4.3 Proteomics and banana 
Our research group has mainly focused on proteomics to research osmotic stress 
tolerance of Musa. Extraction and analysis protocols were optimized for sugar-
mediated acclimation research related to cryopreservation (Carpentier et al., 2005; 
Carpentier et al., 2007; Carpentier et al., 2009; Carpentier et al., 2010). Analysis of 
the differential proteins revealed that successful sucrose acclimation is probably 
correlated with an efficient uptake of the sucrose, followed by a reduced breakdown 
of sucrose to provide an osmoprotective advantage. Moreover, the sugar played an 
important role as an energy source and in the generation of reducing power as well. 
Aside from these important changes in proteins related to the sucrose metabolism, 
several other proteins involved in stress and defense were involved in acclimation as 
well (Carpentier et al., 2007; Carpentier et al., 2010). The study of membrane 
proteins is equally important when studying osmotic stress responses. A workflow 
was set up to identify plasma membrane proteins in Musa. The best option was to 
use a peptide-based approach although identification of peptides and proteins at the 
time was still severely hampered by the absence of sufficient Musa genomic data. 
Out of 79 identified plasma membrane proteins 19 were predicted to contain at least 
on transmembrane domain (Vertommen et al., 2011a). Further research now 
focuses on ABA stress and its influence on the membrane proteome (Suzana Garcia, 
personal communication). 
A Musa proteome study from outside our research group investigated the proteome 
of a Musa paradisiaca variety subjected to cold stress using 2D-LC MS/MS and iTRAQ 
(Yang et al., 2012). The authors first constructed a RNA-seq database and this 
resulted in a total of 43,313 annotated contigs which enabled protein identification. 
The proteomics approach quantified 2658 proteins which resulted in 809 unique 
proteins with differential abundances. These proteins predominantly belonged to 
stress response, primary metabolic and oxido-reduction pathways. By comparing the 
cold stress response in a sensitive banana variety with response in the more tolerant 
Musa paradisiaca variety through Western blot and enzymes activity assays, they 
concluded that more effective reactive oxygen species scavenging through the 
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catalase pathway might partly explain the greater tolerance of the Musa paradisiaca 
variety to cold (Yang et al., 2012). Proteome analyses of the root response to 
Fusarium oxysporum f. sp. cubense Tropical race 4 revealed the importance of many 
proteins related to the defense pathways, including pathogenesis-related proteins, 
signal conduction proteins, molecular chaperones and oxidative-redox homeostasis 
proteins (Li et al., 2012). Susceptible and resistant varieties showed different 
responses, which is likely linked with their different resistance levels, but further 
research is needed. To search for low abundant proteins in banana fruit, Esteve and 
colleagues used a beads-based combinatorial peptide ligand library approach 
(Esteve et al., 2013). A total of 1131 proteins were identified. The captures with the 
beads led to the identification of 849 proteins while untreated samples led to the 
identification of 452 proteins with 170 proteins in common between both methods. 
They identified several of the known Musa allergens as well as proteins related to 
starch degradation and involved in fruit ripening. 
2.4.4 Metabolomics and banana 
Metabolomics studies in banana are mostly limited to biotic stress responses. Recent 
research showed that a phenalenone-type phytoalexin, a secondary metabolite, 
mediates banana resistance towards a burrowing nematode (Hölscher et al., 2013). 
The compound was present in higher concentrations in lesions of the resistant 
cultivar and an in vitro bioassay confirmed its nematostatic and nematocidal effect. 
The formation of similar compounds was also identified in an earlier study as induced 
in roots by Sporobolomyces salmonicolor and other phenalenone-type compounds 
showed activity against Mycosphaerella fijiensis in a bio-assay (Otálvaro et al., 2007; 
Jitsaeng and Schneider, 2010). 
An abiotic stress metabolite study on banana meristems by our group focuses on 
sugar, sterol and fatty acid composition caused by sucrose-induced acclimation (Zhu 
et al., 2006). We observed that in untreated meristems sucrose and total sugar 
content were linked to post-thaw recovery suggesting that these two factors are 
crucial for survival after cryopreservation. On the other hand, the accumulation of 
sugars in sucrose pretreated meristems could not explain the variability in survival 
rates between varieties. This suggests that a minimal amount of sugar is needed to 
survive cryopreservation. It was also observed that varieties in which  membrane 
changes were minimal were the best survivors after cryopreservation (Zhu et al., 
2006). 
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2.4.5 Phenomics and banana 
As shown in Ravi et al. (2013), abiotic stress phenotyping in banana is still mainly 
based on manual measurements. At the laboratory of Tropical Crop Production, 
however, several systems have been developed and are under development to 
monitor growth and transpiration responses to stress. Leaf area calculation software 
was developed to automatically analyze the leaf area of greenhouse plants based on 
RGB photography (Ewaut Kissel, personal communication). This set-up is not yet 
automated due to the size and weight of banana plants and the limited amount of 
extra space for a robot in the greenhouse, but plans are being developed to 
automate weighing and irrigation. These data are used for growth monitoring, 
transpiration calculations and to determine the amount of irrigation needed per 
plant. The use of a robot could increase the number of measuring and watering time 
points to several times a day instead of two or three times per week. An infrared 
camera in combination with the RGB leaf area calculator is used on autotrophic in 
vitro plants, grown in controlled climate chambers, to assess leaf temperature. A set-
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Evaluating potential osmotic stress 











Proteomics data were generated by Sebastien Carpentier (SC) and EST data were generated 
in collaboration with EMBRAPA. SC and A-CV selected the four evaluated stress markers. A-CV 
designed the primers, performed the qPCR experiment and analyzed the data. 
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3.1 Introduction 
The global Musa Germplasm Collection is stored at Bioversity’s International Transit 
Centre at KU Leuven. Over 1400 accessions are maintained in vitro and more than 
850 accessions have been cryopreserved as well. The cryopreservation process 
consists of several steps: meristem cultures are first subjected to an osmotic 
acclimation treatment for two weeks, afterwards they are severely dehydrated and 
quickly frozen in liquid nitrogen. The sucrose-mediated osmotic acclimation step has 
been shown to be crucial to the post-thaw survival and regeneration of Musa (Panis 
et al., 2002). Further research investigated the mechanisms behind this sucrose-
mediated acclimation using proteomics and transcriptomics (Carpentier et al., 2007; 
Carpentier et al., 2010). Sucrose however is not purely an osmotic stressor as it is the 
main end-product of photosynthesis and the most translocated sugar. Furthermore, 
sucrose is an important signaling molecule during normal development and during 
stress (Rolland et al., 2002). Therefore, our acclimation research also included 
sorbitol as a non-metabolized sugar to study only the effects of the osmotic stressor 
without the effect of the carbon source and/or signaling component. 2D-DIGE and 
MALDI-TOF/TOF MS were used and a genotype-specific EST library was generated 
(Carpentier et al., 2010). 
The EST database was used as an additional source for protein identifications aside 
from cross-species identification. A total of 11070 reads were assembled into 1433 
contigs. This resulted in 75 additional identifications or 12% of the total identified 
spots (Carpentier et al., 2010). More than fifty proteins/genes were identified as 
potential stress markers in the proteomics experiments. 
The EST libraries were also used to estimate transcript levels of control versus stress 
treatments (0.09 M or 0.4 M sucrose for 2 weeks). The number of ESTs belonging to 
a certain contig were counted and compared with each other. The EST database 
covered genes that code for proteins that are too big or too small, too low abundant, 
outside of the pI range or were too hydrophobic, such as membrane proteins, and 
were consequently not identified on 2DE gels. 
This combined 2DE and EST approach resulted in the identification of more than fifty 
potential stress markers. To evaluate whether they are true stress markers and to 
specify whether they are osmotic stress markers, we used qPCR to follow the 
transcription levels over time. We selected four promising potential osmotic stress 
markers: pathogenesis-related protein 10 (PR10), SUMO-conjugating enzyme, an 
ABA-responsive protein and phosphoglycerate kinase. The qPCR experiment was 
performed on the Cachaco variety which is known to have a high survival rate after 
cryopreservation (Panis et al., 2002). It was shown that the optimal shoot 
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regeneration for the Cachaco variety was obtained with a four-day acclimatization 
period prior to cryopreservation (Carpentier et al., 2010). Therefore we selected 
time points within the optimal four-day acclimation period (0, 2, 12, 24 and 96 
hours). 
3.2 Experimental procedures 
3.2.1 Selection of the four potential stress markers 
Using the experimental data from earlier 2DE, EST and qPCR approaches, four 
interesting potential stress markers were selected based on their significant 
differential expression in the protein and qPCR experiments or their 
overrepresentation in the stress EST library compared to the control EST library 
(Carpentier et al., 2007; Carpentier et al., 2010; Henry et al., 2011). 
3.2.2 Plant material 
In vitro plants of the selected variety Cachaco (ABB, ITC 0643) were supplied by the 
International Transit Centre of Bioversity International. Multiple shoot meristem 
cultures were initiated as described by Strosse et al. (Strosse et al., 2006) and 
maintained on a standard control medium (MS medium supplemented with 
benzylaminopurine (Duchefa Biochemie, Netherlands)). 
Meristem cultures were cut to similar size (approximately 8 mm x 8 mm x 3 mm) and 
transferred to either fresh standard medium containing 0.09 M sucrose (control 
treatment) or fresh medium containing an additional 0.21 M sorbitol (stress 
treatment). A control set was frozen in liquid nitrogen immediately after cutting (0 
hours). Meristems were harvested after 2, 12, 24 and 96 hours and flash frozen in 
liquid nitrogen. Meristems were collected and divided in six biological replicates for 
each treatment and stored at -80°C. 
3.2.3 Total RNA extraction 
Material was ground in liquid nitrogen for RNA extraction. Total RNA was extracted 
using the RNeasy Plus Mini kit (Qiagen, Germany), according to the manufacturer’s 
recommendations except for the addition of PVP40000 to the extraction buffer to a 
final concentration of 5 mg/ml. The extracted RNA was treated with DNaseI (AB 
Applied Biosystems, Belgium) for 45 min at 37 °C and finally purified using a phenol-
chloroform-isoamyl alcohol extraction/ethanol precipitation purification step. The 
quality and quantity of the RNA (A 260/230 and A280/260) was determined using the 
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Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies). Only samples 
with ratios above 1.8 were used for further analysis. To confirm the absence of 
genomic DNA after the DNase treatment, a real-time PCR was performed on the 
treated RNA using the EF1α primers using the conditions below. Only samples for 
which no amplification could be detected after 40 cycles, were used for analysis. 
Samples which were still contaminated were treated again with DNaseI and checked 
once more. A maximum of three DNase treatments per sample was performed. 
3.2.4 Primer design 
Transcript levels of a set of five reference genes (actin, tubulin, elongation factor-1, 
25S r-DNA and ribosomal protein L2) were analyzed as well as those of the 
candidates PR10, SUMO-conjugating enzyme, phosphoglycerate kinase and ABA-
responsive protein. The primers for the reference genes, ABA-responsive protein and 
phosphoglycerate kinase had already been designed and optimized for use (Henry et 
al., 2011; Podevin et al., 2012). For PR10 and SUMO-conjugating enzyme, primers 
were designed based on the EST sequences available at that time (2010). Primer pairs 
were designed using the Primer3 software11 with the following parameters: a length 
of 19-25 bp, a melting temperature of 58-60 °C, GC content of 45-60 %, a maximum 
(self) complementarity of 4, a maximum 3’ (self) complementarity of 1 and amplicon 
size of 75-200 bp. Primers were further analyzed for hairpin, self-dimer and 
heterodimer formation using OligoAnalyzer 3.112. The primer pairs were tested by 
gradient PCR on cDNA and gDNA to check for specificity and optimal annealing 
temperature. The primer pairs for qPCR analysis of the genes of interest with their 
optimal annealing temperature are presented in Table 3.1. 








PR10 PR10-F CATGTTGCTGCCATCTCTCT 62 76 
PR10-R TCCTTAGACGACCACACAAAAC   
SUMO-conjugating 
enzyme 
SCE-F TCCCTCTTACTGTCCATTTCAG 62 141 
SCE-R GTCTCCATCCACTGTCTTCATT   
Phospoglycerate 
kinase 
PGK-F ATCATCGGAGGTGGTGACTC 60 147 
PGK-R TTAGGCATCTTCAAGAGCAAG   
ABA-responsive 
protein 
ARP-F GCTTGCTACCTCTCGACCAC 60 129 
ARP-R GTAGCTCCAGGCTTGCTGAC   
                                                                
11 http://frodo.wi.mit.edu/primer3/ 
12 http://eu.idtdna.com/analyzer/applications/oligoanalyzer/ 
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3.2.5 Two-step real-time RT-PCR 
One microgram of RNA was reverse transcribed into cDNA using the RevertAid H 
Minus First Strand cDNA synthesis kit (Fermentas, Germany) and oligo(dT)18 primers 
according to the manufacturer’s instructions. 
The qPCR was performed in a Corbett Rotor-Gene 3000 (Qiagen, Germany). The 
reactions included 1x ABsolute qPCR SYBR Green I mix (Thermo Scientific, United 
Kingdom), 150 nm of reverse and forward primers, 2 µL of template (50x diluted 
cDNA, gDNA, λ-DNA or water) and water to a total volume of 25µL. Each run 
contained all 0 hour samples (6 replicates), two replicates of all other treatments, a 
standard curve of six serial four-fold dilutions of pooled cDNA and non-template 
control samples. Two technical replicates were run per sample and averaged for 
analysis. This resulted in a total of 3 runs to run all samples per gene. The following 
amplification program was used: 15 min at 95 °C followed by 45-50 cycles of 15 s at 
95 °C, 20 s at 52-62 °C (depending on the annealing temperature for the gene being 
run, see Table 3.1 and Podevin et al. (2012)), 30 s at 72 °C  and a final fluorescence 
measurement step at 79-81 °C for 15 s. At the end of each qPCR run a melting curve 
was produced from 55 °C to 93 °C to verify the specificity of the amplicon for each 
primer pair. 
3.2.6 qPCR data analysis 
Cq (quantification cycle) values were converted to relative quantities using the gene-
specific PCR efficiency calculated from a standard dilution series (Hellemans et al., 
2007). All samples were included to calculate the reference gene stability measure 
M using geNorm v3.5 software (Vandesompele et al., 2002). The three reference 
genes used for normalization were actin, tubulin and elongation factor 1 (see section 
3.3.1). Afterwards an inter-run calibration was performed per gene using the 
geometric mean of the 0 hours control samples which were included in each run 
(Hellemans et al., 2007). These calibrated normalized relative quantities were 
converted to relative mRNA abundances as fold changes compared to the lowest 
measured expression for that gene. Statistical analysis of the relative mRNA 
abundances was performed using the non-parametric Kruskal-Wallis test using R v3 
and the Agricolae package. Box plots were generated using STATISTICA v10 software. 
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3.3 Results and Discussion 
3.3.1 Reference gene selection 
The geNorm software was used to select the most stably expressed reference genes 
(Vandesompele et al., 2002). The average expression stability values (M) of 
remaining control genes during stepwise exclusion of the least stable control gene 
are represented in Figure 3.1a. It shows a ranking of the candidate reference genes 
according to their expression stability with the most unstably expressed genes which 
have a high M value at the left and the best reference genes with a low M value at 
the right. A minimum of three reference genes is recommended for normalization 
and more genes can be included if this is necessary for stability. To determine the 
optimal number of reference genes the pairwise variation (Vn/n+1) between two 
sequential normalization factors containing an increasing number of less stable 
reference genes, NFn and NFn+1, is calculated (Figure 3.1b). V3/4 for instance 
compares the use of the three most stable reference genes (actin, tubulin and 
elongation factor 1 which have the lowest M values) versus the four most stable 
reference genes (actin, tubulin, elongation factor 1 and ribosomal protein L2) when 
calculating the normalization factor. A small variation (cut-off value < 0.15) means 
that the added reference gene does not have a big effect on the normalization factor 
and therefore the extra reference gene does not have to be included. Based on the 
V3/4 value, there is no need to include a fourth or fifth reference gene and the three  
 
Figure 3.1: Expression stability and variation analysis of the candidate reference genes. 
 a Average expression stability (M) of remaining control genes and ranking of the candidate 
reference genes during stepwise exclusion of the least stable control gene. 25S: 25S r-DNA, 
L2: ribosomal protein L2, EF1: elongation factor-1, Act: actin and Tub: tubulin. b Pairwise 
variation (Vn/n+1) analysis between the normalization factors NFn and NFn+1 to determine 
optimal number of reference genes (cut-off value 0.15). 
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most stable reference genes are sufficient. Even the V2/3 is already below the cut-
off value which means that the normalization factors calculated with the three 
reference genes are not very different from those calculated on two reference genes 
and that two reference genes would already provide a relatively good normalization. 
The three most stable reference genes, actin, tubulin and elongation factor-1, were 
therefore selected to carry out the normalization. These reference genes had also 
been shown in other experiments using meristems to be the most stable (Podevin et 
al., 2012). 
3.3.2 Evaluation of the potential stress marker genes 
PR10 is the first potential stress marker as a PR10 protein spot was more abundant 
under stress than during control conditions (Carpentier et al., unpublished results). 
We also identified a contig showing homology to PR10 in the Cachaco Musa EST 
database. Further analysis of the contig showed that it contains the Bet v I domain 
(CDD analysis score: 2.98e-43)13, a known subclass of the PR10 family. The 
pathogenesis-related proteins are actually a collection of unrelated proteins that are 
all involved in the defense system. They are divided into 17 classes (PR1-PR17) based 
on sequence homology and similar biological activity or physicochemical properties 
(van Loon and Van Strien, 1999; van Loon et al., 2006). While PR10s are known for 
their expression during both biotic and abiotic stresses, some members are 
expressed constitutively. The latter indicates that aside from their protective role 
they might also have a more general role in plant development. Yet their actual 
functions, even during stress, still remain unknown (Fernandes et al., 2013). The 
most well-known subclass of constitutively expressed PR10 is undoubtedly those 
constituting a large group of food and pollen allergens in birch pollen, apple, celery 
and other fruits and vegetables (Liu and Ekramoddoullah, 2006) to which the Musa 
PR10 also shows homology. 
Our qPCR analysis shows that the expression of the PR10 gene after 12 hours and 24 
hours was significantly higher than after 0 days and 4 days in both control and stress 
conditions (Figure 3.2). Only at 12 hours, the PR10 gene expression was significantly 
higher under stressed than under control conditions. Based on these observations, 
the applied osmotic stress does not seem to be the only inducer of the gene 
expression for PR10 in short term acclimation stress. The upregulation of expression 
in both control and stress conditions is probably due to the cutting and transfer of 
the meristem cultures to a new medium at the start of the experiment rather than  
 
                                                                
13 http://www.ncbi.nlm.nih.gov/cdd/ 
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the application of the osmotic stress. This effect seems to have passed after 96 hours 
as control levels at 96 hours resemble the 0 hours control levels. 
The second potential stress marker, SUMO-conjugating enzyme, was upregulated in 
the Musa EST library under stress conditions. A total of 28 ESTs belonged to the 
contig in the stress library versus 1 EST in the control library. Although ubiquitination 
remains the most well-known post-translational modification of proteins by a small 
polypeptide, the small ubiquitin-like modifier (SUMO) has also been implicated in 
many abiotic stress responses over the last decade as reviewed by Castro et al. 
(2012). Sumoylation and ubiquitination are very similar multi-step processes 
mediated by E1 activating enzymes, E2 conjugating enzymes and E3 ligase. The 
enzymes used in the two pathways are similar but have specific structural features 
(Downes and Vierstra, 2005). SUMO-conjugating enzyme is encoded by a single gene 
in Arabidopsis thaliana but a phylogenetic analysis has shown that tomato, 
grapevine, poplar, rice, Brachypodium, sorghum and maize all encode two or more 
SUMO-conjugating enzyme genes (Novatchkova et al., 2012). It was observed that 
the monocots in this study had additional SUMO-conjugating enzyme genes with a 
slightly different sequence which might be considered a monocot-specific subgroup. 
 
Figure 3.2: Relative mRNA abundance of PR10 relative to the lowest expression of the gene 
following exposure to sorbitol stress (0.21 M). Banana meristems were subjected to a 
control (c) or stress (s) treatment for 0, 2, 12, 24 or 96 hours. Bars marked with the same 
letter do not significantly differ from each other, a>b>c>d>e>f (α 0.05, n = 6, outliers= 1.5x 
interquartile range). 
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SUMO-conjugating enzyme expression was induced after 2 hours and reached a 
maximum at 12 hours after the start of the experiment and baseline levels were 
approached again after 4 days (Figure 3.3). Both control and stress samples showed 
the same expression profile except after 24 hours when a lower quantity was 
measured in the stress samples than in the controls. These results differ from earlier 
observations in which SUMO-conjugating enzyme ESTs from stress samples after 14 
days on 0.4 M sucrose were more abundant than in control conditions at that same 
time point (28 ESTs versus 1). One has to take into account however that the sucrose 
stress was more severe than the sorbitol stress applied in this experiment (water 
potential of -1.074 MPa with 0.4 M sucrose versus -0.756 MPa with 0.09M sucrose 
and 0.21 M sorbitol) and that the stress was applied for 14 days instead of a 
maximum of 4 days in our qPCR experiment and that sucrose has a possible signaling 
effect. The similar induction of the transcript level, which starts after two hours, in 
both control and stressed meristem cultures in our qPCR analysis suggests that the 
wounding and transfer to new medium affect the SUMO-conjugating enzyme  
 
 
Figure 3.3: Relative mRNA abundance of SUMO-conjugating enzyme relative to lowest 
expression of the gene following exposure to sorbitol stress (0.21 M). Banana meristems 
were subjected to a control (c) or stress (s) treatment for 0, 2, 12, 24 or 96 hours. Bars 
marked with the same letter do not significantly differ from each other, a>b>c>d>e (α 0.05, 
n = 6, outliers = 1.5x interquartile range, extremes = 3x interquartile range). 
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transcript level more than the osmotic stress. The effect of this wounding and 
transfer stress seems to disappear however after 96 hours as control treatments at 
0 hours and 96 hours show a similar level of mRNA abundance. 
In earlier qPCR experiments, ABA-responsive protein transcript levels were shown to 
be highly upregulated after ABA treatment in meristem cultures (Henry et al., 2011). 
Since the plant hormone ABA probably also plays a signaling role in osmotic stress, 
we selected the ABA-responsive protein as a potential stress marker. Primers weere 
designed based on ESTs with homology to the A. thaliana ‘ABA-responsive protein-
like’ gene (At5g13200) (Henry et al., 2011). This gene was shown to be an ABA-
induced gene in both A. thaliana and rice (Hoth et al., 2002; Yazaki et al., 2004). TAIR, 
a database of genetic and molecular biology data for Arabidopsis thaliana, now 
annotates it as a GRAM domain family protein (from Glucosyltransferases, Rab-like 
GTPase activators and b-like GTPase activators and Myotubularins). The GRAM 
domain is probably involved in membrane-associated processes such as several 
signaling pathways. Little is known about the actual function of the different 
members of this family, but a high expression divergence in different tissues and to 
different stresses was observed in both Arabidopsis and rice (Jiang et al., 2008). That 
study also showed no significant response of the At5g13200 to ABA, however, a 
significant upregulation to osmotic (PEG) and salt stress was observed. 
The expression of the ABA-responsive protein gene was significantly upregulated 
after two hours but returned to normal levels after 12 hours (Figure 3.4). Since both 
control and sorbitol stress levels were similarly upregulated after two hours, we 
hypothesize that the wounding and transfer to the new medium rather than the 
sorbitol stress is responsible for its induction. At all other time points a small but 
statistically significant upregulation in stress treatments was observed. The applied 
osmotic stress therefore does have an effect on the expression of ABA-responsive 
protein but this effect is much smaller than the initial wounding and transfer effect. 
The final stress marker candidate is phosphoglycerate kinase. Six phosphoglycerate 
kinase spots were already identified in the 2007 proteomics study and four of these 
spots were more abundant under sucrose stress (Carpentier et al., 2007). In a 2010 
study it was shown that phosphoglycerate kinase reacted the most to sucrose stress 
but that phosphoglycerate kinase abundance was also significantly higher during 
sorbitol stress than in control conditions (Carpentier et al., 2010). Earlier qPCR 
experiments confirmed an increased mRNA expression in sucrose-treated meristems 
(Henry et al., 2011). The upregulation of phosphoglycerate kinase fits with the 
hypothesis of tolerance as it is a glycolysis enzyme that catalyzes the formation of 3-
phosphoglycerate from 1,3-bisphosphoglycerate while also one ATP is produced  
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which generates the necessary energy for other stress response mechanisms 
(Carpentier et al., 2010). 
The control condition only showed a slight increase in phosphoglycerate kinase 
transcript level over time. The sorbitol-stressed samples on the other hand showed 
a significant increase in expression after 12 hours which is already significantly lower 
again after 4 days (Figure 3.5). Earlier qPCR experiments had shown that 
phosphoglycerate kinase expression was also upregulated by high sucrose treatment 
(Henry et al., 2011). So osmotic stress treatments, both the metabolized sucrose and 
the non-metabolized sorbitol, upregulate phosphoglycerate kinase expression. 
Transcript level increases of phosphoglycerate kinase seem to be in line with the 
higher phosphoglycerate kinase abundance observed in proteomics experiments 
(Carpentier et al., 2010). The earlier qPCR experiments also showed that 
phosphoglycerate kinase expression was not affected by cutting (Henry et al., 2011). 
This is corroborated by our results as we only observe a slight increase in transcript  
 
Figure 3.4: Relative mRNA abundance of ABA-responsive protein relative to the lowest 
expression of the gene following exposure to sorbitol stress (0.21 M). Banana meristems 
were subjected to a control (c) or stress (s) treatment for 0, 2, 12, 24 or 96 hours. Bars 
marked with the same letter do not significantly differ from each other, a>b>c>d>e (α 0.05, 
n = 6). 
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Figure 3.5: Relative mRNA abundance of phosphoglycerate kinase relative to the lowest 
expression of the gene following exposure to sorbitol stress (0.21 M). Banana meristems 
were subjected to a control (c) or stress (s) treatment for 0, 2, 12, 24 or 96 hours. Bars 
marked with the same letter do not significantly differ from each other, a>b>c (α 0.05, n = 
6, outliers = 1.5x interquartile range, extremes = 3x interquartile range). 
levels in the control which could be related to the supply of sucrose in the new 
medium. We can therefore conclude that phosphoglycerate kinase is a suitable 
osmotic stress marker which does not react to wounding. 
The primary goal of our experiments was to find suitable osmotic stress marker 
genes. All of the genes did respond to the stress mediated by wounding and/or 
transfer to new medium and phosphoglycerate kinase seems the most suitable 
marker for osmotic stress as it is barely affected by wounding and only slightly by 
transfer to a new medium. While PR10, SUMO-conjugating enzyme and ABA-
responsive protein react to wounding and transfer more than to sorbitol stress in 
this short-term experiment, they are good stress markers towards the treatment the 
meristems are subjected to before cryopreservation. SUMO-conjugating enzyme did 
not seem to respond to the sorbitol treatment at all, but ABA-responsive protein and 
PR10 transcript levels did show some response to the osmotic stress treatment. 
The wounding and transfer effect on mRNA abundance seems to last less than 96 
hours as control treatment levels at 96 hours have returned to the levels measured 
Evaluating potential osmotic stress markers using qPCR 63 
 
at the start of the experiment. Based on the four stress markers we conclude that 
the meristem cultures are already stressed after two hours and acclimated to 
wounding after 96 hours which corresponds with the observed survival after 
cryopreservation earlier (Carpentier et al., 2010). 
3.4 Conclusions 
All stress markers genes can be used to detect short-term stress in meristems. 
Although we can conclude that wounding and transfer to a new medium seem to 
have the greatest short-term effect on the expression of most of the tested 
candidate genes, the phosphoglycerate kinase gene is a good candidate to be used 
as an osmotic stress marker in meristems.
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4.1 Introduction 
There is a great need for research aimed at understanding drought tolerance, 
screening for drought tolerant varieties and breeding crops with an improved water 
use efficiency. Drought is one of the major abiotic stress factors in most crops 
lowering yields considerably. Agriculture currently uses 70% of water withdrawn 
worldwide but demands in water are still rising. Climate change and an increasing 
world population will result in even more water needed for food production but 
demands will also rise in the municipal and industrial sector (WWAP, 2012). To meet 
the demands of the future world, crops will need to be produced more efficiently, 
meaning agriculture needs to produce ‘more crop per drop’. 
Bananas and plantains are a major staple food and export product in many countries 
with a worldwide production of over 135 million tonnes per year (FAO, 2012). Even 
though bananas are only grown in the humid tropics and subtropics, in many 
locations rainfall is not sufficient or not evenly distributed throughout the year. 
Commercial plantations supplement this rainfall with irrigation, but for small farm 
holders this is not feasible. Water is one of the most limiting abiotic stress factors in 
banana production. Bananas need at least 25 mm of water per week and an annual 
rainfall of 2000-2500 mm evenly distributed along the year is considered optimal for 
banana production. When there is no access to irrigation, mild drought conditions 
are responsible for considerable yield losses. Van Asten et al. (2011) calculated a 
yield loss of up to 65% when the annual rain fall was below 1100mm - still an 
enormous amount of precipitation. Moreover in the humid tropics bananas are 
threatened by the disease Black Sigatoka, caused by Mycosphaerella fijiensis. Export 
bananas, all from the Cavendish subgroup, are extremely susceptible and economic 
damages rise due to yield loss and the cost of the chemical inputs that are required 
to control the disease. Cultivating bananas in drier areas where the infection rate is 
much lower, would be an alternative (Marin et al., 2003; Robinson and Sauco, 2010). 
Cultivated banana varieties are hybrids of two wild diploid species Musa acuminata 
(genome constitution AA) and Musa balbisiana (genome constitution BB). Most 
cultivated varieties are triploids with either an AAA, AAB or ABB genome 
constitution. Varieties with an AAB or ABB genome constitution are said to be more 
drought tolerant and hardy due to the presence of the B genome (Simmonds, 1966; 
Thomas et al., 1998; Robinson and Sauco, 2010). The commercially exploited 
varieties are triploids with an AAA genome constitution which are sweet and 
extremely suitable to harvest immature, transport and ripen upon arrival. However, 
this AAA Cavendish group is drought sensitive. We at KU Leuven host Bioversity’s 
International Transit Centre that contains the Musa International Germplasm 
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collection with over 1400 accessions and we want to explore this biodiversity for 
tolerant varieties. 
While survival mechanisms, such as closing stomata, reducing leaf area and growth 
arrest under drought conditions is a good survival mechanism for plants in the wild, 
from an agricultural point of view growth reduction only lowers yield. A growth stop 
or a serious growth reduction when the drought stress is non-lethal is unwanted. 
Experiments under severe stress conditions tend to select slow growing varieties 
that are able to survive a long period of severe drought. But those conditions are 
seldom applicable to agricultural conditions and certainly not to banana. It has also 
been indicated that severe stress conditions activate different mechanisms that are 
not necessarily relevant to agricultural conditions (Skirycz et al., 2011). We are 
looking for vigorous plants that will only show a minor reduction in growth, 
photosynthesis and metabolism under mild drought or osmotic stress. Acclimation 
to mild stress will require a new homeostasis so that the plant can continue growing 
during stress. 
Many plant collections are kept as seeds or in the case of banana as in vitro plantlets. 
The most straightforward way to characterize and screen an in vitro collection is to 
immediately evaluate the in vitro plantlets. So the first logical step to screen the 
Musa biodiversity for possible drought tolerant varieties was the development of a 
suitable in vitro test (Rukundo et al., 2012). Shekhawat and colleagues report a 
similar in vitro test to evaluate the osmotic tolerance of a transgenic banana 
(Shekhawat et al., 2011b). However how relevant is an in vitro growth model towards 
field conditions? We designed a long term experimental setup to check this as 
discussed in the Rationale and outline of this PhD research. The advantages of this 
first in vitro model to screen the Musa biodiversity are the throughput and the 
possibility to control the experiment; the disadvantages are the artificial conditions.  
Abiotic stress research in Musa is still in its infancy. Some valuable research has been 
done in the past by several groups (Carpentier et al., 2007; Fan et al., 2007; 
Carpentier et al., 2010; Liu et al., 2010; Henry et al., 2011; Shekhawat et al., 2011a; 
Shekhawat et al., 2011b). In this study we present the results of a selection for 
tolerant varieties using the optimized in vitro model and the proteome analysis of 
the most tolerant variety. 
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4.2 Experimental procedures 
4.2.1 Heterotrophic in vitro test 
In vitro plants were supplied by the Bioversity International Musa Germplasm 
collection. The selected varieties were the highland (h) variety Mbwazirume (AAAh, 
ITC 0084), the Cavendish variety Williams (AAA, ITC 0365), Popoulou (AAB, ITC 0335), 
the plantain (p) variety Obino L’Ewai (AABp, ITC 0109) and Cachaco (ABB, ITC 0643). 
Plants were multiplied on semisolid p5 medium consisting of Murashige and Skoog 
basal salts and vitamins supplemented with 10 µM benzylaminopurine, 1 µM indole 
acetic acid, 10 mg/l ascorbic acid, 0.09 M sucrose and 3 g/l Gelrite® (Strosse et al., 
2006). Experiments were carried out on a liquid p6 medium, the same as p5 but with 
1 µM benzylaminopurine and without Gelrite®: (i) standard control medium 
(containing 0.09 M sucrose) and (ii) stress medium containing 0.09 M sucrose and 
0.21 M sorbitol. Well-developed plantlets were excised from multiple shoot clusters 
from the p5 medium and put on liquid p6 medium. After 4 weeks all leafs were 
removed and explants of about 3 cm of length with three roots of about 1 cm were 
excised. The explants were then put on the control or stress medium for 48 days. 
Medium was refreshed every two weeks. The plants were weighed at the beginning 
and end of the experiment and the total growth was calculated. Statistical analysis 
was performed using STATISTICA software 10. At day 48, leaf samples were frozen in 
liquid nitrogen and stored at -80 °C for protein extraction.  
4.2.2 Proteomics 
Leaf proteins from 6 control and 6 stressed plants were extracted using the phenol 
extraction/ammonium acetate precipitation protocol described by Carpentier et al. 
(2005). DIGE labeling of the protein samples with CyDyes was performed (GE 
Healthcare). The internal standard, obtained by pooling equal amounts of all protein 
samples was labeled with Cy2. Control and stresses samples were evenly distributed 
over Cy 3 and Cy5 and a control and stress sample were included in each gel. The 
labeled samples were pooled, separated on gel and scanned according to Carpentier 
et al. (2009). Data were analyzed using the DeCyder software 7.0 (GE Healthcare). 
The estimated number of spots was set at 10,000 and an exclusion filter based on 
volume was used to eliminate the detected non-proteinaceous spots as 
recommended. For spot picking, the proteins were visualized using a colloidal G250 
Coomassie Brilliant Blue staining (Neuhoff et al., 1988) after the scanning of the 
fluorescent dyes. Gel pieces were treated as described by Shevchenko et al. (2006). 
The samples were resuspended in Milli-Q (MQ) water containing 5% acetonitrile 
(ACN) and 0.1% formic acid (FA) and separated on an HPLC system, equipped with a 
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C18 precolumn (PepMap 100, 5 µm – 100 Å, 0.3 x 5 mm, Dionex) to concentrate and 
desalt the sample. After loading the sample, the following gradient was applied for 
the mobile phase: solvent A (99.9% MQ / 0.1% FA), solvent B (99.9% ACN / 0.1% FA), 
from 5% B to 20% B in 2 minutes, to 35% B in 8 minutes, to 45% B in 4 minutes to 
finally in 95% B in 1 minute, at a flow rate of 250 nL/min over the analytic column 
(Pepmap 100, 3 µm – 100 Å, 75 µm x 5 cm, Dionex). After LC separation, peptides 
were positively ionized at 1.7 kV, at 200 °C and injected into the mass spectrometer. 
Mass spectrometry data were acquired in a ProteomeX-LTQ Workstation (Thermo 
Scientific, USA) in data-dependent acquisition (DDA) mode controlled by Xcalibur 1.4 
software (Thermo Scientific). The typical DDA cycle consisted of a full scan within 
m/z 400 to 1,600 range followed by five separate data-dependent scans, each taking 
the 1st to 5th highest peak respectably, under normalized collision energy of 35%. 
Fragmented precursor ions were dynamically excluded according to the following: 
repeat counts: 2, repeat duration: 15 s, exclusion duration: 180 s. Peak detection and 
convertion to 'mgf'-files was performed using MS Convert from ProteoWizard 
3.0.3631 software, with the following filter: ChargeStatePredictor 4 1 0.9. Two 
database searches were performed using an in house Mascot server version 2.2.04 
against the NCBI Viridiplantae database (852,488 sequences) and against an in house 
database that is constructed from all the Musa proteins known in NCBI 
complemented with EST data from different experiments (Carpentier et al., 2008; 
Carpentier et al., 2010) and the sequences of trypsin and keratin resulting in a 
concatenated search database containing 169,829 unique entries. Estimation for 
false positives was made by searching in Mascot against the equivalent decoy 
database. Search parameters were set as follows: oxidation of methionine was 
allowed as a variable modification and carbamidomethylation of cysteine as a static 
modification; enzyme: trypsin; number of allowed missed cleavages: 1; peptide 
tolerance: 1,000 ppm; fragment ions tolerance: 1.2 Da, instrument type: ESI-TRAP. 
Results of both searches were exported as csv files and combined in one pivot table 
(Microsoft Excel). The significant protein hits were filtered to have at least one 
peptide ion score of rank 1 above the respective identity threshold (α 0.05). The 
proteins that did not meet this criterion were rejected. In order to compare the 
results of both searches the resulting peptide-protein interactions were visualized 
using Cytoscape (Shannon et al., 2003) as described in Vertommen et al. (2011a) to 
eliminate false positive results and to reconstruct and annotate the partial 
sequences of the Musa database. In brief, the Excel list of each spot was imported 
into Cytoscape and a different layout was given to the nodes of peptides and proteins 
and a different color to the different interactions between the peptides and proteins 
correlated to the confidence level of identification (ion score). Interactions with an 
ion score ≥ 40 are displayed in green, <40 in red. 
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4.3 Results and discussion 
4.3.1 Heterotrophic in vitro test 
Several tests have been performed with different sorbitol concentrations to identify 
the concentration at which none of the varieties completely stopped growing but 
they did all show a reduction of their growth (Rukundo et al., 2012). Our main 
interest lies in identifying varieties that maintain their growth as much as possible 
even though a mild stress is applied. After a period of 48 days on osmotic stress, the 
Cachaco variety (ABB) showed the lowest growth reduction. The difference with the 
AAAh variety Mbwazirume (Kruskal-Wallis one-way analysis of variance by ranks, α 
0.05) was significant. While the calculated growth reduction of Cachaco was 63% 
relative to its control, Mbwazirume displayed a growth reduction of 86%. Popoulou 
(AAB), Obino L’Ewai (AABp) and Williams (AAA) had intermediate growth reductions 
of 73%, 71% and 79% respectively (Figure 4.1). The developed screening test with in 
vitro plants has the advantage of being fast and well controlled and is successful at 
detecting differences in growth reduction. A model will always remain a model and 
is an attempt to approach reality in an efficient way. Since growth is directly  
 
Figure 4.1: Relative growth reduction of sorbitol (0.2 M) stressed plantlets relative to their 
control after 48 days. Varieties are represented by their genome constitution. Bars marked 
with the same letter do not differ significantly from each other; a>b (α 0.05, n= 7-8). The 
picture of the in vitro plantlets shows a control plant on the left and a stressed plant on the 
right. All roots and leaves have newly been formed during the 48 days. 
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correlated to yield, growth reduction is an important parameter to judge the stress 
tolerance of a plant and so the possible yield loss. The ABB variety showed a 
significantly lower growth reduction than the AAAh variety. Our results are 
consistent with earlier observations of Rukundo (2009) and confirm that the B 
genome might be correlated to a higher drought tolerance (Simmonds, 1966; 
Thomas et al., 1998; Robinson and Sauco, 2010). 
4.3.2 Proteomics 
As the ABB variety showed the least growth reduction during this osmotic stress, we 
took a closer look at which proteins were differential between control and stressed 
plants after 48 days of treatment. This provides an insight at the new equilibrium or 
homeostasis developed in the stressed plants. After extraction of the leaf proteome 
and separation of the proteins on gel, 2600 spots were retained in the master gel. A 
PCA analysis indicates that the control and stressed plants can be discriminated 
based on the proteome characterization. The most important Principal Component 
PC1 explains 43.2% of the variation and discriminates the biological samples 
according to the treatment (Figure 4.2). PC2 is correlated to intra-treatment 
variability. From the score plot (Figure 4.2), we clearly see that there is more 
variability in the stressed biological replicates than in the control ones. 
Stressed plants can obviously be discriminated based on their proteome, but which 
proteins are relevant to make the discrimination? To answer this question, a variable 
importance plot was made based on the loading scores of PC1. Figure 4.3 illustrates 
that only a few proteins have a very high contribution towards the observed 
variability between control and stressed samples. Some proteins with a positive PC1 
loading (higher abundance during stress conditions) have a high loading score and 
are important variables. The importance of a variable gradually drops. The same is 
true for the variables with a negative PC1 loading (higher abundance under control 
conditions) but we observe that the variables with a positive loading score have a 
bigger contribution towards the discrimination. 
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Figure 4.2: PCA score and loading plot. a) PCA score plot with control plants displayed in 
blue and stressed plants in red. Each dot represents a biological replicate. b) Loading plot. 
Each dot represents a protein. 
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Figure 4.3: Variable importance plot. Variables with a positive loading score for PC1 have a 
high abundance in stressed samples, variables with a negative loading score for PC1 have a 
high abundance in control samples. 
If we analyze the important variables individually (univariate statistics), we observe 
that 112 proteins were significantly more abundant in the sorbitol stressed plants 
and 18 proteins were more significantly abundant in control plants (T-test FDR α 
0.05). However, Cy-dyes are very sensitive and some proteins are too low abundant 
to be efficiently identified. Based on their importance and the abundancy level, 66 
differential protein spots were selected for identification and 24 were successfully 
identified (Table 4.1, Figure 4.4 and Figure 4.5). As in our previous study (Carpentier 
et al., 2008), we see a correlation to the protein abundance and the success rate of 
identification (results not shown) although the poor sequencing status of banana 
also plays a role. 
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PC1 PC2 Protein annotation n‡ T-test 
Av. 
Ratio• 
62 2 0.199 -0.088 HSP20 12 7.60E-09 12.0 
35 3 0.198 -0.019 acidic chitinase 12 9.60E-06 9.5 
66 5 0.160 -0.019 PR10 12 7.80E-04 5.8 
18 34 0.080 -0.012 isoflavone reductase 12 2.60E-03 2.3 
63 38 0.072 -0.039 lectin 12 8.10E-05 2.3 
3 48 0.065 0.000 cysteine synthase 10 8.00E-04 2.1 
65 73 0.045 -0.023 lectin 12 1.70E-04 1.7 
17 84 0.041 -0.014 glutathione S transferase 12 3.90E-04 1.6 
39 98 0.031 -0.002 fructose bisphosphate aldolase 12 5.20E-05 1.4 
58 140 0.025 -0.012 glutathione reductase 12 6.20E-04 1.4 
32 146 0.024 -0.022 isocitrate dehydrogenase* 12 2.30E-03 1.4 
50 169 0.022 -0.007 fructose bisphosphate aldolase 12 3.10E-04 1.3 
21 171 0.022 -0.022 phosphoglucomutase* 12 1.50E-03 1.3 
31 175 0.022 0.009 glyceraldehyde-3-phosphate dehydrogenase* 12 1.30E-03 1.3 
2 180 0.021 0.014 transketolase* 12 7.70E-03 1.2 
10 192 0.020 0.004 unknown protein 10 8.20E-03 1.3 
5 209 0.018 -0.007 phosphoglyceromutase* 12 9.40E-04 1.2 
7 226 0.017 -0.008 S-adenosyl-L-homocysteine hydrolase 12 5.20E-03 1.2 
13 9 -0.047 0.006 S-adenosylmethionine synthetase 12 4.10E-06 -1.7 
11 16 -0.041 0.006 isocitrate lyase 12 5.60E-04 -1.5 
27 22 -0.037 0.005 uroporphyrinogen decarboxylase 12 7.10E-04 -1.5 
22 61 -0.028 0.005 eukaryotic initiation factor 12 5.90E-03 -1.3 
4 82 -0.025 0.000 eukaryotic initiation factor* 10 6.00E-03 -1.3 
40 222 -0.014 0.008 methionine synthase* 12 8.90E-03 -1.2 
*Multiple proteins have been identified in this spot. § All spots are displayed in Figure 4.4 and 
Figure 4.5. ‡ n is the number of gel images of control and stress samples in which the spot was 
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Despite running the samples on a 3 pI unit strip of 24 cm, some spots still contain 
multiple proteins. This is due to limitations of the resolution of a 3 pI strip – 
resolution could still be improved by using zoom strips – and due to the sensitivity of 
the LC-MS/MS analysis. In automated MALDI-MS/MS analysis often only the 5-10 
most abundant peaks are chosen for further fragmentation and lower abundant co-
migrating proteins are ignored while here peaks are first separated in time 
concentrated and analyzed. While in some cases co-migrating proteins create 
ambiguity, in our cases there is a difference in abundance which can be checked by 
the number of MS/MS events. Figure 4.6 illustrates a case of 3 possible proteins in 
one spot. The visualization of the relation between peptides and protein is shown in 
Cytoscape for spot 32. We clearly see that there are 3 possible proteins: the most 
abundant protein isocitrate dehydrogenase (gi|3747089 and MusaId000029420), 1-
deoxy-D-xylulose 5-phosphate reductoisomerase (isotig05077204791) and class phi 
glutathione S-transferase (MusaId000019031). Isocitrate dehydrogenase is the most 
abundant protein since it has not only more peptides but the peptides have also 
multiple MS/MS events. We report in Table 4.1 the annotation of the most abundant 
protein assuming that this protein predominates the spot quantification. All 
peptides/proteins with their corresponding ion/protein scores are listed in 
Supplementary file 4.1. 
We have also observed multiple isoforms of the same protein. Spot 18 contains two 
different isoforms and very likely a third (Figure 4.7). The peptide STTAPAGQPEK is 
assigned to MusaId000018332, while the peptide STTAPAGQPEEAK is assigned to 
MusaId000030279. For both peptides we observed multiple MS/MS events, 
confirming that indeed both are present. As can be seen in the Cytoscape image, a 
third cluster is formed with the peptide VVILGDGNTK. Neither MusaId000018332 nor 
MusaId000030279 give rise to this peptide as they have no lysine before this part of 
the sequence (Supplementary file 4.2). The tryptic peptide of both these proteins is 
much larger and exceeds our scan range. The peptide VVILGDGNTK is assigned to 
MusaId000028304. In contrast to the other 2 proteins, the sequence of 
MusaId000028304 is only a partial one as the start of the sequence is missing. We 
will discuss the biological impact of this protein further below. 


























































































































































































































































































































































































































80 Chapter 4 
4.3.2.1 Proteins involved in stress and reactive oxygen metabolism. 
The most important variable that could be identified is a HSP protein of around 20 
kDa (spot 62). It contains an alpha crystallin domain (ACD) that is found in small heat 
shock proteins (sHSPs). sHSPs are molecular chaperones that are generally active as 
large oligomers consisting of multiple subunits. The Arabidopsis thaliana (Ath) 
AthHsp15.7 is minimally expressed under normal conditions and is strongly induced 
by heat and oxidative stress. We have calculated that spot 62 is 12 times more 
abundant in stressed plants. Whether it is here induced directly by osmotic stress or 
indirectly by oxidative stress remains elusive. We hypothesize it plays an important 
role in maintaining homeostasis by suppressing protein aggregation. 
How can osmotic stress provoke oxidative stress? Tetrapyrroles are natural pigments 
containing four pyrrole rings and play an important role in the transfer of energy and 
redox sensing. Chlorophylls are the most abundant tetrapyrroles in plants and are 
involved in the harvesting of light and its subsequent conversion to chemical energy. 
Uroporphyrinogen decarboxylase (spot 27) is an enzyme involved in the tetrapyrrole 
biosynthetic pathway. We observe that this enzyme is less abundant in stressed 
plants. Reduced levels of uroporphyrinogen decarboxylase slow down the further 
tetrapyrrole metabolism and increase the level of uroporphyrinogens. 
Uroporphyrinogens are tetrapyrroles that can be photooxidized, thus triggering 
photodynamic damage. Mock et al. (1999) characterized the cellular stress 
responses upon down-regulation of uroporphyrinogen decarboxylase. They 
observed an accumulation of uroporphyrinogens, increased levels of antioxidant 
mRNAs and increased activity of enzymes involved in pathogen defense indicating 
that these cellular reactions upon porphyrinogenesis resemble a hypersensitive 
reaction after pathogen attack (Mock et al., 1999). We expect that the reduced levels 
of uroporphyrinogen decarboxylase in stressed plants triggers photodynamic 
damage and ROS. This might explain why we observed an increased level of typical 
pathogen defense-related proteins: PR10 (spot 66), lectin (spot 63 and 65), chitinase 
(spot 35) and proteins involved in reactive oxygen species (ROS) detoxification: 
isoflavone reductase like protein (spot 18), glutathione reductase (spot 58), cysteine 
synthase (spot 3), glutathione transferase (spot 17). Enzymes involved in ROS 
metabolism have been abundantly described in literature. But whether induction of 
pathogen-related enzymes is a secondary effect of stress (ROS) or whether those 
enzymes effectively play a role in homeostasis is an interesting question for further 
research and further annotation of those enzymes. Do those proteins only play a role 
in pathogen defense or do they have an essential role to play in osmotic tolerance? 
We have already mentioned that spot 18 contains two and maybe even three 
isoforms of the same enzyme. While the Musa sequence present in the NCBI 
database has been annotated as isoflavone reductase, other related reductases, 
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such as phenylcoumaran benzylic ether reductase also show great similarity. 
Conserved domain analysis using the conserved domain database confirms the 
existence of a Rossmann-fold NAD(P)H/NAD(P)(+) binding (NADB) domain. However 
as to the substrate of the identified reductase we can only speculate. Most likely, like 
isoflavone reductase, it might play a distinct role in plant antioxidant defense. 
Isoflavone reductase has been shown to be involved in NAD(P)/NAD(P)H 
homeostasis (Babiychuk et al., 1995). 
4.3.2.2 Proteins involved in energy metabolism and respiration. 
Phosphoglucomutase (spot 21), fructose bisphosphate aldolase (spot 39 and 50), 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (spot 31) and 
phosphoglyceromutase (spot 5) are all part of the glycolysis pathway in plants. 
Transketolase (spot 2) belongs to the pentose phosphate pathway. The most 
important function of the glycolysis pathway and the pentose phosphate pathway is 
to form ATP, reductants (NAD(P)H) and carboskeletons which are building blocks for 
anabolic pathways. An upregulation of enzymes of this pathway is consistent with 
our earlier studies on meristems showing that stress creates a higher energy (ATP) 
and reducing power (NAD(P)H) demand (Carpentier et al., 2007; Carpentier et al., 
2010).  
The production of reactive oxygen species (ROS), such as O2- and H2O2, is an 
unavoidable consequence of normal respiration with the mitochondrial electron 
transport chain is a major site of ROS production. An enhanced respiration produces 
higher levels of ROS. The mitochondrial electron transport chain contains two stress 
upregulated non-proton-pumping NAD(P)H dehydrogenases on each side of the 
inner membrane which function to limit mitochondrial ROS production (Moller, 
2001). Several other enzymes are found in the matrix that, together with small 
antioxidants such as glutathione, help remove ROS. The antioxidants are kept in a 
reduced state by matrix NADPH produced by NADP-isocitrate dehydrogenase and 
the non-proton-pumping transhydrogenase activities.  
We have noticed a higher abundance of isocitrate dehydrogenase (spot 32) in 
stressed plants. Isocitrate lyase (spot 11) is located in the glyoxysome and isocitrate 
dehydrogenase (spot 32) in the mitochondria. Both enzymes have isocitrate as a 
substrate and could compete for isocitrate processing. The role of isocitrate lyase 
has been described especially in oily seeds where the breakdown of fatty acids 
generates acetyl-CoA. Acetyl-CoA is then used in the glyoxylate cycle, which 
generates other intermediates that serve as a primary nutrient source prior to the 
production of sugars from photosynthesis. However, what could be the role of 
isocitrate lyase in leaf tissue? Compared to our reference control condition, we have 
noticed that the abundance of isocitrate dehydrogenase is higher and that of 
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isocitrate lyase lower during stress. This would mean that more isocitrate goes 
towards respiration than towards fatty acid breakdown. We hypothesize that under 
normal growing conditions there is plenty of sucrose supplied by the medium that is 
broken down and stored as fatty acids in a futile cycle. This is not the case during 
stress conditions and balance of stressed plants is more towards respiration to 
maintain homeostasis. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been described in many 
stress studies (Kosova et al., 2011). GAPDH generates NADH from NAD+. 
Overexpression of GAPDHa in Arabidopsis protoplasts strongly suppressed heat 
shock-induced H2O2 production and cell death (Baek et al., 2008).  
4.4 Conclusions 
We conclude that an in vitro growth model is useful to screen the Musa biodiversity 
for tolerant varieties. The interesting varieties (including sensitive genotypes) will be 
further investigated and validated under less artificial conditions to study drought 
tolerance mechanisms. Proteomics is successful in getting an insight into the 
homeostasis. The proteome analysis clearly shows that there is a new balance in the 
stressed plants and that the respiration, metabolism of ROS and several 
dehydrogenases involved in NAD/NADH homeostasis play an important role. This 
research is a first important step in the understanding of homeostasis and brings 
new key questions. In the future, we need to elucidate the role of the different 
isoforms and of poorly annotated Musa specific proteins of multiple genotypes and 
need to clarify the up-regulation of at first sight pathogen-related proteins. A 
dynamic stress study of different genotypes combined with supervised multivariate 
analysis needs to clarify which genotypic differences contribute to stress tolerance. 
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Characterization of the HSP70 










YL and SC performed the proteomics of the meristem experiments. A-CV performed the 
proteomics of the plant roots and analyzed the proteomics data. Mass spectrometry was 
performed by SYBIOMA. A-CV curated the Musa HSP70 sequences, analyzed the mass 
spectrometry data and performed the ubiquitination site analysis and promotor analysis of 
the HSP70 sequences.  
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5.1 Introduction 
Plant HSP70s (70 kilodalton heat shock proteins) play important roles in protein 
folding, protein import and translocation processes. They are present in the cytosol 
as well as in mitochondria, chloroplasts and the endoplasmic reticulum (Boston et 
al., 1996; Miernyk, 1997; Wang et al., 2004). HSP70s associated with the 
endoplasmic reticulum are usually called luminal binding HSP70s or BiPs. The 
cytoplasmic HSP70s can be either constitutively expressed or only when the plant is 
stressed. The constitutively expressed HSP70s are also known as the cognate HSP70s 
or HSC70s. The exact function of the different HSP70 isoforms is most likely 
determined by the location in the cell and interaction with co-chaperones. While 
cytoplasmic HSP70s are involved in the folding of de novo synthesized proteins and 
maintaining precursor proteins in the correct state, mitochondrial, chloroplastic and 
luminal HSP70s are involved in the precursor protein import and translocation and 
folding in the respective organelle (Miernyk, 1997; Wang et al., 2004). HSP70s are, 
as their name implies, most known for their response to heat shock but several 
HSP70s also react to cold stress, salt stress, drought stress, light and even biotic 
stresses. The model plant Arabidopsis has 14 HSP70s and the most stress responsive 
one at the transcriptome level is AtHSP70-4 which is correlated to several abiotic and 
biotic treatments (Swindell et al., 2007). Several HSP70s in rice react differently to 
drought, salt, heat and light as their mRNA is sometimes highly up regulated by 
certain stresses and unaffected or even down regulated by others (Jung et al., 2013). 
In a transcriptomics study in spinach a BiP (luminal HSP70) was upregulated in 
response to cold (Anderson et al., 1994). In contrast to the differential regulation of 
the mRNA, these authors discovered that the protein level remained constant, 
demonstrating the importance of also studying the HSP70s at the protein level and 
not just at the transcriptome level. Most plant research has focused on Arabidopsis 
thaliana or plant species that have already been characterized to a great extent, the 
‘new models’, such as rice and soybean. But many crops which are essential for food 
are complex due to their (allo)polyploid heterogeneous genome. Often, they possess 
many different characteristics that are unique to their species and cannot always be 
approached via a model plant. 
2DE is still the most preferred way to characterize the proteome of a non-model 
species, but 2D gels often contain multiple spots that are functionally annotated 
identically. Without a sequenced genome, it is almost impossible to go beyond this 
general annotation. Gene families (paralogs), allelic variations and/or 
posttranslational modifications (PTMs) are at the origin of different pI protein 
species. HSP70s were already identified earlier in proteomics studies by our research 
group and others as an important player during stress but insight into the protein 
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polymorphisms, caused by paralogs, allelic variants and/or PTMs, remained 
unknown (Taylor et al., 2005; Carpentier et al., 2007; Vincent et al., 2007; Carpentier 
et al., 2010; Kjellsen et al., 2010; Abreu et al., 2013). In the framework of 
cryopreserving the Musa collection several osmotic acclimation studies were 
performed in the past on meristem tissue cultures. Several HSP70 spots with 
differential responses were identified in those proteomics studies, but going beyond 
the level of identifying them as belonging to HSP70 family was impossible using 
cross-species identification and/or EST databases (Carpentier et al., 2007; Carpentier 
et al., 2010). With the recent publications of the reference A genome and a draft B 
genome (D'Hont et al., 2012; Davey et al., 2013), we went beyond the level of simply 
identifying the trail of spots as belonging to the HSP70 gene family in an ABB variety 
and annotated the different paralogs and allelic variants. We performed a new 
experiment on meristems and also characterized the behavior of the HSP70 spots on 
the plant level (roots) after 0, 1, 4 and 14 days of osmotic stress using 2D-DIGE. We 
confirmed that HSP70s play a role in osmotic stress and we identified one particular 
spot that specifically reacted towards the osmotic stress in both meristems and in 
roots. To understand what was special about that particular spot, we characterized 
the spots via 2DE LC-MS/MS and investigated the different isoforms. To our 
knowledge this is the first time a proteomics approach has led to the exploration of 
a protein family at the paralog and allelic level in a crop. Furthermore, we identified 
a specific osmotic responsive HSP70 protein species. To gain an insight into this 
differential expression, we also performed a promoter analysis of all the identified 
isoforms. 
5.2 Experimental procedures 
5.2.1 Analysis of the Musa HSP70 family 
Musa HSP70 nucleotide and protein sequences were obtained from GreenPhyl and 
the Banana Genome Hub (D'Hont et al., 2012; Droc et al., 2013). Since many HSP70 
genes were incorrectly predicted, all HSP70 A genome sequences were manually 
curated as well as the cytoplasmic and luminal HSP70 B genome sequences. 
Cytoplasmic HSP70 from rice and Arabidopsis thaliana were retrieved from 
Greenphyl with the accessions as described by Jung et al. (Jung et al., 2013). 
Alignments of protein sequences were created using the ClustalX 2.1 software 
(Larkin et al., 2007). Phylogenetic trees were constructed using the same software 
using the neighbor-joining algorithm with 1,000 replicate bootstrap tests. Trees were 
visualized with njplot (Perrière and Gouy, 1996). 
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For the prediction of the potential protein ubiquitination sites, all cytoplasmic 
protein sequences encoded by the A genome were submitted to UbiPred and UbPred 
(Tung and Ho, 2008; Radivojac et al., 2010). For the promoter analysis the sequence 
between the start codon ATG of the HSP70 genes and the sequence of the previous 
gene was analyzed up to a maximum of 3kb from the start codon. To find the cis-
regulatory elements that possibly influence the expression, PlantCARE and PLACE 
softwares were used (Higo et al., 1999; Lescot et al., 2002).  
5.2.2 In vitro meristem stress tests 
In vitro plants of the selected variety Cachaco (ABB, ITC 0643) were supplied by the 
International Transit Centre of Bioversity International. Multiple shoot meristem 
cultures were initiated as described by Strosse et al. (Strosse et al., 2006) and 
maintained on the standard control medium (MS medium supplemented with 
benzylaminopurine). All cultures were kept in the dark at 25-27 °C. A stress test was 
started by adding 0.31 M sucrose to the standard medium. Tissue samples of 
stressed meristem cultures were taken and frozen after 0, 1, 4 and 14 days. All 
samples were stored at -80 °C. 
5.2.3 Plant root stress test 
In vitro plants of the selected variety Cachaco (ABB, ITC 0643) were supplied by the 
International Transit Centre of Bioversity International. The plants were grown in a 
phytotron (Sanyo, MLR-351H). The humidity and temperature were kept constant at 
75 % and 25 °C respectively. A 12 h/12 h light/dark period with an average light 
intensity of 183 ± 29 µmol photons m-2 s-1 was maintained throughout the 
experiment. After five weeks an osmotic stress test was started by adding 0.21 M 
sorbitol to the MSR medium (MSR medium according to Voets et al. (2005)). Root 
samples of control plants were taken and frozen in liquid nitrogen at the start of the 
experiment and after 4 days. Root samples of sorbitol stressed plants were taken 
and frozen after 0, 1, 4 and 14 days. All samples were stored at -80 °C. 
5.2.4 Proteomics 
Meristem and root proteins were extracted and analyzed using the phenol 
extraction/ammonium acetate precipitation protocol reported by Carpentier et al. 
(2005). Fifty µg of proteins were labeled with Cy2, Cy3 and Cy5 (GE Healthcare) for a 
total of 150 µg protein per gel, separated on gel and scanned according to Carpentier 
et al. (Carpentier et al., 2009). Data were analyzed using the DeCyder software 
version 7.0 (GE Healthcare). Statistical analysis of the standardized abundance of 
spots was performed in DeCyder. Statistical analysis of the raw spot intensities was 
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performed using ANOVA in STATISTICA software 10 on the log of the peak height of 
the internal standard samples exported from DeCyder. For protein identification, gel 
pieces were extracted based on the protocol of Shevchenko et al. (2006) for the in-
gel reduction, alkylation and destaining of the proteins. The destaining step was 
performed twice after which the gel pieces were covered with 3 µL of 0.1 µg/µL 
trypsin and 47 µL trypsin buffer (25 µM ammonium carbonate, 10% acetonitrile 
(ACN)). Digestion was performed overnight at 37°C. Peptides were extracted by 
adding 100 µL 5 % ACN in 0.1 % FA, vortexing, centrifuging and sonicating for 5 min 
after which the supernatant is removed to a new eppendorf tube. The whole peptide 
extraction process is repeated twice with 50 µL 10 % ACN in 0.1 % FA the first time 
and 50 µL 95 % ACN and 5 % FA the last time. The accumulated supernatant was then 
dried in a vacuum centrifuge and stored at -20 °C. Before analysis, the samples were 
resuspended in 0.1 % FA and 5 % ACN, desalted using C18 Zip Tips (Millipore) and 
eluted in 10 µl Milli-Q water with 0.1 % FA and 60 % ACN, dried in a vacuum 
centrifuge and resuspended in 0.1 % FA and 5 % ACN. 
The HPLC-MS/MS analysis was performed on a Q Exactive Orbitrap mass 
spectrometer (Thermo Scientific, USA). The samples (5 µL) were injected and 
separated on an Ultimate 3000 HPLC system (Dionex, Thermo Scientific) equipped 
with a C18 PepMap100 precolumn (5 µm, 300 µm x 5 mm, Thermo Scientific) and an 
EasySpray C18 column (3 µm, 75 µm x 15 cm, Thermo Scientific) using a gradient of 
5 % to 20 % ACN in 0.1 % FA in 10 min followed by a gradient of 10 % to 35 % ACN in 
0.1% FA in 4 minutes and then a final gradient from 35 % to 95 % ACN in 0.1 % FA in 
2.5 min. The flow-rate was set at 250 µL/min. The Q Exactive was operated in positive 
ion mode with a nanospray voltage of 1.5 kV and a source temperature of 250 °C. 
ProteoMAss LTQ/FT-Hybrid ESI Pos. Mode CalMix (MSCAL5-1EA SUPELCO, Sigma-
Aldrich) was used as an external calibrant and the lock mass 445.12003 as an internal 
calibrant. The instrument was operated in data-dependent acquisition (DDA) mode 
with a survey MS scan at a resolution of 70,000 (fwhm at m/z 200) for the mass range 
of m/z 350-1800 for precursor ions, followed by MS/MS scans of the top 10 most 
intense peaks with +2, +3 and +4 charged ions above a threshold ion count of 16,000 
at 35,000 resolution using a normalized collision energy of 28 eV with an isolation 
window of 3.0 m/z and dynamic exclusion of 10 s. All data were acquired with 
Xcalibur 2.2 software (Thermo Scientific). For identification, all raw data were 
converted into mgf files using Progenesis v4.1 (Nonlinear Dynamics, UK). The spectra 
were searched using Mascot (version 2.2.04) against our in-house Musa database 
(76,220 sequences) containing all the protein sequences of the published A and B 
genome plus contaminant sequences (trypsin and keratin). Redundancy was 
eliminated from the database using the program cdhit (Li et al., 2001). If both A and 
B isoforms were identical, the B genome isoform was eliminated. The original HSP70 
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protein sequences were removed and replaced by the manually curated HSP70 
sequences. Search parameters were set at: tryptic digestion, one miscleavage 
allowed, 10 ppm precursor mass tolerance and 0.02 Da for fragment ion tolerance 
with a fixed modification of cysteine carbamidomethylation and a variable 
modification of methionine oxidation.  
An isoform was retained as positively identified in a spot if at least one tryptic specific 
peptide was found with an ion score higher than the Mascot identification score. 
Cytoscape v3.0 software was used to visualize tryptic specific peptides (Shannon et 
al., 2003; Vertommen et al., 2011a; Carpentier and America, 2014). Two identified 
paralogs have allelic variants that cannot be discerned from each other in this 
analysis. The chromosome 7 allelic variants, 7T15160 and 7_G19958, are identical at 
the protein level and are reported uniformly as 7T15160 since the 7_G19958 was 
removed from the database. For the chromosome 5 and 6 allelic variants as well as 
the luminal chromosome 9 allelic variants, only peptides were observed that are 
shared between the two allelic variants and the proteotypic peptide is not allelic 
variant specific. Therefore our analysis for the cytoplasmic chromosome 5, 6 and 7 
isoforms and luminal chromosome 9 isoforms remains at the paralog level. To 
quantify the different protein species in each spot, the Mascot emPAI was exported 
and the ion intensity of the proteotypic peptide for each peptide was analyzed in 
Progenesis v4.1. Moreover, for all isoforms positively identified in at least one spot, 
we searched the unidentified MS/MS spectra in each spot in which they were not 
identified by performing a manual SRM approach. The ion intensity for a MS/MS 
spectrum was added to the quantification when the peptide fragment mass 
corresponded to the proteotypic peptide and a specific signature m/z was identified 
in the MS/MS spectrum. 
5.3 Results 
5.3.1 Overview of HSP70 family 
GreenPhyl (Rouard et al., 2011), a database for comparative and functional genomics 
in plants, predicts that the banana reference A genome contains 47 genes in the 
HSP70 superfamily. After initial analysis, it was clear that the amino acid sequences 
of most HSP70s were not correctly predicted. Out of the 47 sequences suggested by 
GreenPhyl, a total of 10 suggested sequences showed the most resemblance to the 
HSP110/SSE subfamily of the HSP70 superfamily and these were not further analyzed 
in the scope of this study. Four sequences were functionally misannotated and 11 
sequences were pseudogenes of HSP70 genes and not full sequences. Manual 
curation of the structural annotation consisted mainly of removing inexistent introns 
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and merging wrongfully separated accessions. After manual curation of the 
sequences, we identified several additional peptides through proteomics which 
proved the accuracy of this manual correction of the genome prediction (Table 5.1). 
Indeed, proteomics can be used to identify genes and splice variants, validate 
predicted exons and genes as well as to study genome variation (Renuse et al., 2011). 
As only the 8T20830 sequence was correct before manual curation, 8T20830 seemed 
to be the prevalent isoform in most spots. This analysis was corrected after the 
curation (see 5.3.2). 
Table 5.1 Proteogenomics: Peptides identified after curation of the A genome and the B HSP70 
sequences which were not present in any of the uncurated sequences. 
Isoform ID Peptide identified after curation m/z Best ion score 
2T16250 MYQGAGGGMGGGMDEDIPSTGGSSGAGPK 893.032 41.06 
6T34210 NALENYAYNMR 687.809 51.82 
  KIEDAIEK 473.267 44.45 
  ELEGICNPIIAK 678.864 42.76 
  MYQGAGADMAGGMDEDGPTTGGSSAGPK 888.689 105.68 
7T15160 TTPSYVAFTDSER 737.347 86.59 
  NTINDDKIASK 406.882 57.13 
  NALENYAYNMR 687.809 55.16 
9T03960 NALENYAYNMR 687.810 51.82 
10T00900 NALENYAYNMR 687.809 55.16 
9T23710 NQLETYVYNMK 709.835 45.92 
8_G23681 NQVAMNPINTVFDAK 839.417 107.23 
9_G27669 DAVVTVPAYFNDAQR 833.415 18.6 
 
After curation of the 47 predicted sequences, a total of 20 Musa HSP70 sequences 
was retained. HSP70 sequences are present on all chromosomes of the Musa 
genome, except chromosome 1 and 11, with up to five sequences on chromosome 
6 (Figure 5.1). 
Four clusters of isoforms can be distinguished within the phylogenetic HSP70 tree 
which correspond to their respective locations in four compartments of the plant cell 
(Figure 5.2). This is supported by the presence of the specific C-terminal motif in 
almost all of these sequences. Cluster 3 contains all the cytoplasmic HSP70s with the 
cytoplasmic motif (EEVD) being conserved in 9 out of 11 sequences (Guy and Li, 1998; 
Sung et al., 2001a). The luminal motif (HDEL) is completely conserved in all 
sequences within cluster 4. The chloroplastic and mitochondrial motifs (respectively 
PEGDVIDADFTDSK and PEAEYEEAKK) are not completely but mostly conserved in all 
the sequences in cluster 2 and cluster 1 respectively. 
 





Figure 5.1: Karyotype representation of Musa from the Banana Genome Hub. Locations of 
the HSP70 Musa genes are represented by red bars. The 12 Musa ancestral blocks (G1-12) 
are represented by the colored boxes within the chromosomes. Duplicated gene clusters 
were tentatively assembled into these 12 ancestral blocks and represent the Musa genome 
before the last two whole genome duplications. On chromosome 8 two genes 
(GSMUA_Achr8T20830_001 and GSMUA_Achr8T20840) are represented by a single (thick) 
bar as they are located too close together to be discernable. 
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Figure 5.2: Phylogenetic relationship between all curated HSP70 protein sequences encoded 
by the Musa A genome. Sequences were aligned using ClustalX and a neighbor-joining tree 
was constructed with 1000 replicate bootstrap. The bootstrap values between major groups 
are indicated. Gray boxes indicate the four major sub-clusters corresponding to the HSP70 
localization in the cell. Identified paralogs in the proteomic analysis are indicated by *. 
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5.3.2 Proteomics 
5.3.2.1 Meristems 
A trail of 6 spots was identified as HSP70-like proteins in two experiments performed 
in the framework of the cryopreservation research (Carpentier et al., 2007; 
Carpentier et al., 2010). In 2010, one HSP70 spot (‘spot 3001’) was significantly more 
abundant at 4 days under both sucrose and sorbitol stress. The spots in the trail were 
all identified as belonging to the HSP70 family but identifications at the isoform level 
were at that time not possible using cross-species and EST databases. After the 
publication of the reference genome, we repeated the experiment once more and 
also included an analysis after 1 day of stress resulting in a 0, 1, 4 and 14 kinetic 
analysis. 
The same trail of HSP70-like spots (1, 2, 3, 4, 5 and 6) was detected (Figure 5.3). Spot 
2, based on pattern matching the equivalent of ‘spot 2710’, was the most intense  
spot of the six (α<0.01) (Figure 5.4) and spot 5 (corresponding to ‘spot 3001’ in the 
2010 study) was again more abundant under sucrose stress (α<0.01) (Figure 5.5). A 
three replicate control versus stress analysis at 4 days confirmed yet again that the 
abundance of spot 5 significantly increased during osmotic stress (α<0.01). A variety 
with a different genome constitution, Mbwazirume (AAA) was included in the same 
experiment and spot 5 was similarly more abundant in stress conditions compared 
to control conditions. (Figure 5.6). 
5.3.2.2 Roots 
The meristem acclimation experiments were performed in the framework of 
cryopreserving the Musa biodiversity. To investigate whether HSP70s also play a role 
in the acclimation of roots to osmotic stress a dynamic stress experiment was 
performed on autotrophic plants. 
The analysis of the roots revealed that the abundance of spot 5 similarly increased 
in time when the roots were subjected to osmotic stress (Figure 5.7). The abundance 
of other spots showed a similar profile as in the meristems. A six replicate control 
versus stress analysis at 4 days confirmed once more that the abundance of spot 5 
was higher than the control treatment (α<0.1) (Figure 5.8). 
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Figure 5.3: a) Representative gel (pI 4-7, 24 cm) with relevant outtake. b) Cytoplasmic 
isoforms, represented by their chromosome number as in Table 5.2, are indicated with an 
arrow at the spot where the maximum intensity of their proteotypic peptide is located. A 
genome allelic variants are represented in white, B genome allelic variants in black and co-
localized or indiscernible A and B allelic variants in grey. Spot numbers are indicated with # 
c) Luminal isoforms, represented by their chromosome number as in Table 5.2, are indicated 
with an arrow at the spot where the maximum intensity of their proteotypic peptide is 
located. Allelic variants are represented as in b. 
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Figure 5.4: Analysis of intensity of the different spots from the meristem experiment using 




Figure 5.5: Dynamic abundance profiles of the meristem HSP70 spots 1, 2, 3, 4, 5 and 6 after 
0, 1, 4 and 14 days of stress (n=3). For spot 1, 2, 3, 4 and 6 mean values are indicated. For 
spot 5 mean values ± SE are represented. Sample points with the same letter do not differ 
significantly from each other (α<0.01, a>b>c). 
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Figure 5.6: Abundance profile of the meristem HSP70 spot 5 after 4 days of control and 
stress treatment (α<0.01, a>b, n=3). Mean values ± SE are represented. a) Abundance 
profile of Cachaco (ABB) meristems. b) Abundance profile of Mbwazirume (AAA) meristems. 
 
 
Figure 5.7: Dynamic abundance profiles of the root HSP70 spots 1, 2, 3, 4, 5 and 6 after 0, 
1, 4 and 14 days of stress (n=3). For spot 1, 2, 3, 4 and 6 mean values are indicated. For spot 
5 mean values ± SE are represented. 
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Figure 5.8: Abundance profile of the root HSP70 spot 5 after 4 days of control and stress 
treatment (α<0.1, a>b, n=6). 
5.3.2.3 LC-MS/MS 
Blind clustering of parent masses from a first MALDI-MS/MS analysis with SPECLUST 
(Alm et al., 2006) showed 3 big clusters: spot 1 and 2 (dominated by acidic 
cytoplasmic isoforms), spot 3 and 4 (containing increased amounts of luminal 
isoforms) and spot 5 and 6 (dominated by basic cytoplasmic isoforms) (Figure 5.9). 
Since MALDI MS-based analysis was not sufficient to detect proteotypic peptides 
(results not shown), the digested protein mixture was further analyzed via LC-MS/MS 
to get an insight into the composition of the different spots, to understand why one 
spot (spot 2) is more abundant than the others and why one spot (spot 5) is more 
responsive to osmotic stress. Different protein isoforms expressed from the same 
genome are called paralogs as they may have arisen from gene or segmental 
duplication. When comparing gene isoforms at the same location but on the 
different genomes A and B, the term allelic variants will be used. Using this approach, 
both allelic variants and paralogs of HSP70 cytoplasmic and luminal isoforms were 
identified in this trail of spots. 
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Figure 5.9: Cluster analysis of MALDI-MS spectra of HSP70 spots, represented by their spot 
number, performed by SPECLUST. Gray boxes indicate the three clusters with the spots 
which are dominated by the acidic cytoplasmic HSP70 isoforms and the basic cytoplasmic 
HSP70 isoforms respectively or contain increased amounts of the luminal HSP70 isoforms. 
The further characterization of the isoforms has been based on the intensity of a 
proteotypic peptide to quantify the same isoform over all spots and emPAI scores to 
quantify the different isoforms within one spot (Table 5.2 and Supplementary file 
5.1). The cytoplasmic isoforms are more abundant than the luminal isoforms in all 
spots as evidenced by higher emPAI scores (Supplementary file 5.1). The isoelectric 
focusing of one particular isoform is not restricted to one physical location in the gel 
and each isoform has its highest abundance at a particular isoelectric point (Table 
5.2, Figure 5.3 and Supplementary file 5.2). The most abundant spot is spot number 
2 with an experimental pI of 5.00 (Figure 5.4). The most abundant paralog in this spot 
is the chromosome 7 paralog with an emPAI score of 1.94 (7T15160/7_G19958, pI 
5.08) (Supplementary file 5.1). Our main spot of interest, spot 5 (pI 5.15), 
predominantly consists of the chromosome 2 paralog, which has emPAI scores of 
respectively 0.43 and 0.5 for the A and B allelic variants (pI 5.21) (Supplementary file 
5.1). A complete overview of all HSP70 isoforms identified and quantified in each 
spot is found in Supplementary file 5.1 and Supplementary file 5.2..  
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5.3.3 Ubiquitination site prediction and promoter analysis 
The abundance of a protein is determined by the rate of protein synthesis and 
protein breakdown. To get an insight into the different protein isoforms and the 
differential gene expression and potential protein breakdown, the different protein 
isoforms were aligned (Supplementary file 5.3), possible ubiquitination sites were 
predicted and the promoter region of the different genes was analyzed. 
Analysis of the predicted ubiquitination pattern by UbiPred and UbPred respectively 
did not aid in the explanation of differences in protein abundance of different 
paralogs (Supplementary file 5.4). Moreover, when the two ubiquitination site 
prediction softwares were compared to each other, it became clear that they return 
very different results. Only some potential sites were predicted by both softwares 
which raises the question which software to rely on and prevents meaningful 
analysis (Figure 5.10).  
 
Figure 5.10: Number of potential ubiquitination sites as predicted by UbiPred and UbPred 
respectively. The intersection contains the number of sites which were predicted by both 
softwares as potential ubiquitination sites. 
Promoter analysis could provide an insight as to why isoforms are expressed with 
differential abundances and why a specific isoform reacts to certain stressors. We 
analyzed the promoters of all the identified HSP70s using PLACE and PlantCARE (Higo 
et al., 1999; Lescot et al., 2002). We focused on the presence of ABA-responsive 
elements (ABRE), drought responsive elements (DRE) and heat shock elements (HSE) 
(Figure 5.11). Allelic variants show very similar patterns whereas the different 
paralogs differ greatly in the number and location of the analyzed elements.  
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Figure 5.11: Promoter analysis of all identified paralogs and their allelic variants for the 
cytoplasmic and luminal HSP70. The luminal HSP70 paralogs are indicated with L. Approximate 
positions and directions of ABRE (ACGTG/TC), DRE (A/CGGAC) and HSE (CNNGAANNTTCNNG) 
are indicated by red, blue and yellow arrows respectively. The positions and directions are 
relative to the start codon ATG and up to 3000 bp upstream of this start codon. 
5.4 Discussion 
5.4.1 Proteomics in a polyploid non-model crop: genomic 
resources and technical advances 
Most identifications of proteins in non-model plants still remain at the level of a gene 
family when only cross-species identification and or EST databases are available. 
From our data it is clear that the different paralogs have evolved over time and do 
not necessarily behave the same when subjected to a stress treatment. Many 
classical 2DE experiments pick only the differentially expressed spots for 
identification, ignoring possible isoforms. A functional annotation in a non-model 
crop is challenging and mostly one is not able to go beyond the gene family 
annotation (Vincent et al., 2007; Yoshimura et al., 2008; Kjellsen et al., 2010). Even 
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when a hit from the same organism is found, several spots in a trail can have exactly 
the same identification and accession number (Taylor et al., 2005). Similarly in Musa 
a trail of HSP70 spots was identified but it was not possible to explore the differences 
between the spots in the HSP70 trail due to limitations of the 
genomic/transcriptomic resources at that time (Carpentier et al., 2007; Carpentier 
et al., 2010). In 2007, only the cross species identification was successful as the 
available EST database was too limited and did not return any hits. By 2010, a 
species-specific EST library was produced by our research group but all the HSP70 
spots were identified as the same contig. With an A and B genome now available for 
Musa, we have shown that it is possible to identify different protein species at both 
the paralog and even allelic level. However, the correct structural annotation of the 
genome is essential in this analysis. We therefore manually curated the necessary 
HSP70 sequences of the A and B genome. Aside from the genomic resources, the 
technique for the proteomics analysis is also a deciding factor in the successful 
identification. A completely gel-free approach was not sufficient to identify which 
cytoplasmic HSP70 proteins were present in the roots of Cachaco (results not 
shown). Even with a fast mass spectrometer and long columns (50cm) and gradients, 
it was impossible to conclusively identify which cytoplasmic HSP70 proteins were 
present since no tryptic specific peptides were identified. Blind high-throughput gel-
free proteomics complicates the study of isoforms of the same gene family. The 
whole proteome is digested and analyzed in one shot and tryptic specific peptides 
are likely to go undetected since the common peptides of a gene family will be much 
more abundant and therefore more likely to be selected for MS/MS analysis. A gel-
based approach separates the different HSP70 isoforms based on their pI and mass 
first before protein identifications and points towards the different abundances of 
the different isoforms (spots). The standard MALDI-TOF/TOF MS approach still 
proved insufficient to conclusively identify the isoforms present in each spot as not 
enough tryptic specific peptides were measured (results not shown). We therefore 
chose to further separate the digested peptides from the HSP70 spots using liquid 
chromatography integrating both gel-based and gel-free methods. This further 
simplifies the mixture and concentrates the peptide that is injected in the mass 
spectrometer and as a result more peptides were measured. The advantage of an 
LC-separation is nicely illustrated by the separation of the peptides FSDSSVQSDIK 
(encoded by gene GSMUA_Achr7T15160) and YSDASVQSDIK (encoded by gene 
GSMUA_Achr10T00900). These two isoforms of the peptide have the same 
monoisotopic mass but have different retention times on the RP column because of 
their different hydrophobicity (approximately 19 and 17 minutes) (Figure 5.12). This 
would have resulted in a chimeric spectrum using MALDI-TOF/TOF MS but produces 
separate spectra using LC-MS/MS. 
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Figure 5.12: Differential retention time illustration of tryptic specific peptides from the HSP70 
paralogs of chromosome 10 (YSDASVQSDIK) and of chromosome 7 (FSDSSVQSDIK). Although 
the peptides share an identical m/z (606.7908), their different amino acid constitution lead to 
different hydrophobic behavior as evidenced by the different GRAVY scores and therefore 
different retention times. GRAVY stands for grand average of hydropathicity and peptides with 
a more negative score are more hydrophilic and are eluted earlier during RP chromatography. 
Aside from the added separation and concentration of the peptides provided by the 
LC, the use of Orbitrap technology significantly adds to the accurate measurement 
of peptides both at the MS and the MS/MS level (average observed Delta ppm on 
parent masses was 0.72). Using the combined 2DE LC-MS/MS approach we were able 
to measure a proteotypic peptide for each paralog and for most of them even at the 
allelic level (Table 5.2). Moreover, for all isoforms positively identified in at least one 
spot, we searched the unidentified MS/MS spectra in each spot in which they were 
not identified. The ion intensity for an MS/MS spectrum was added to the 
quantification when the peptide fragment mass corresponded to the proteotypic 
peptide and a specific signature m/z was identified in the MS/MS spectrum. This 
manual SRM approach shows the perspectives for a gel-free SRM approach to 
quantify these specific isoforms under different experimental conditions in the 
future. Gel-based proteomics does remain a time consuming process and a low-
throughput technique and both of these pitfalls can be circumvented after initial 
identification by a targeted gel-free approach. 
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5.4.2 The Musa HSP70 
The main objective of this study was to identify the HSP70 protein species that 
specifically reacted to osmotic stress and to understand what was particular to this 
protein species. To get an insight into this, the other protein species needed to be 
characterized as well. The trail of spots contained both cytoplasmic and luminal 
members of the HSP70 family but the cytoplasmic HSP70s were more abundant. 
Structurally HSP70s have two major functional domains, an N-terminal ATPase 
domain and a peptide binding domain in the C-terminal portion of the protein, 
connected by a small interdomain hinge. A small C-terminal subdomain is necessary 
for several co-chaperone interactions. Motifs at the C-terminus in this subdomain 
can be used to distinguish the subcellular localization of the specific HSP70 protein 
and are considered a typical plant feature (Sung et al., 2001a). This feature is not 
completely conserved in all plants, however, as evidenced in rice where certain 
HSP70 sequences contain these motifs and others do not (Jung et al., 2013). 
At the sequence level several HSP70 genes were not correctly structurally annotated 
on the Banana Genome Hub. Therefore we characterized the whole HSP70 gene 
family and curated the annotation manually if needed. Out of 20 identified HSP70 
gene sequences, 11 sequences belong to our subfamily of interest, the cytoplasmic 
HSP70s. 14 HSP70 genes were reported in Arabidopsis thaliana of which only 5 
encode cytoplasmic ones (Lin et al., 2001). Banana has a similar number of HSP70 
genes to rice where a total of 24 HSP70 genes were reported of which 11 encode 
cytoplasmic HSP70s (Sarkar et al., 2013). A typical feature of cytoplasmic isoforms is 
the EEVD C-terminus. The Musa HSP70 family has two members with non-typical 
termini whereas rice has five so-called non-classical HSP70 genes. Sarkar et al. (2013) 
suggested that the five non-classical rice genes might be monocot-specific since they 
were found in rice and sorghum but not in Arabidopsis. However our phylogenetic 
analysis shows that the non-classical Musa HSP70s are not similar to the ones in rice 
(Figure 5.13) therefore the five non-classical rice genes cannot be generalized to be 
monocot-specific. The cytoplasmic Musa HSP70s that do not end on EEVD are 
9T03960 and 8T34360 and they do cluster together with rice and Arabidopsis HSP70 
members and do not form a specific subgroup. 
The trail of spots that we identified at the proteome level contains cytoplasmic 
HSP70s which were also expressed during control conditions. This is not surprising 
as constitutively expressed HSP70s are known to be key players in protein folding 
and protein homeostasis (Hartl et al., 2011). But what causes the pronounced 
increase of spot 5? We had observed this increase in a meristem acclimation study  
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Figure 5.13: Phylogenetic relationship between all curated cytoplasmic HSP70 protein 
sequences of the Musa A genome (GSMUA_Achr) and the cytoplasmic HSP70s of rice 
(LOC_Os) and Arabidopsis (AtHsp). Sequences were aligned using ClustalX and a neighbor-
joining tree was constructed with 1000 replicate bootstrap. The bootstrap values between 
major groups are indicated. The non classical cytoplasmic rice HSP70 accessions have been 
indicated with *. 
Characterization of the Musa HSP70 family during osmotic stress 105 
 
in which this very spot increased the most during sucrose stress (Carpentier et al., 
2010) and confirmed this increase in this study (Figure 5.5 and Figure 5.6). To see 
whether this was a tissue-specific phenomenon and to be able to understand the 
role HSP70 in roots, we optimized the osmotic concentration to apply moderate 
stress during which plants suffered a reduction in growth but not a full growth stop. 
The only HSP70 spot to show an increase in abundance was once again spot 5 (Figure 
5.7 and Figure 5.8). The increase was more moderate than during the sucrose stress 
in meristems but this was not unexpected as the concentration of the sorbitol stress, 
0.21M, in the plant experiment was lower than the sucrose concentration during 
stress in the meristem experiments. In the 2010 study it was also clear that the 
sucrose stress had a bigger influence on the abundance of this spot than the sorbitol 
stress. While the whole trail of spots was already known to belong to the HSP70 gene 
family, we were finally able to identify the isoforms present in the different spots 
(Figure 5.3). 
Since we analyzed the variety Cachaco, a triploid with an unsequenced ABB genome 
constitution and since it is suggested that the B genome might contribute towards 
drought tolerance (Simmonds, 1966; Thomas et al., 1998; Robinson and Sauco, 
2010), we dug deeper into the expression of the allelic variants from the different 
genomes A and B. Allelic variants are not necessarily expressed equally as silencing 
or a biased expression of allelic variants is important in polyploid evolution (Adams 
et al., 2003; Adams and Wendel, 2005). We have already observed that the 
proteome phenotype in Musa does not always correspond to the expected genome 
formula due to either gene deletion or gene silencing (De Langhe et al., 2010; 
Carpentier et al., 2011; Henry et al., 2011). In theory, per locus three different allelic 
variants could be expressed in Cachaco. Analyzing exactly which allele is expressed 
and to which amount to which amount it is translated into proteins remains 
impossible for some loci. The chromosome 5, 6 and 7 allelic variants encoding 
cytoplasmic HSP70 proteins as well as the chromosome 9 allelic variants encoding a 
luminal HSP70 protein cannot be discerned from one another (Table 5.2). Although 
the protein sequences of the allelic variants are not completely identical, the 
observable tryptic specific peptides are identical. The chromosome 7 genes on the 
other hand are 100% identical at the protein level (Supplementary file 5.3). No 
expression was detected of the cytoplasmic chromosome 9 and luminal 
chromosome 3 allelic variants of the A genome (Supplementary file 5.2). For the 
chromosome 2, 4, 8 and 10 allelic variants it is clear by analyzing the intensities of 
the proteotypic peptide that the B allelic variants are more abundantly expressed 
conform their ABB genome constitution, but the A-specific allelic variant is also 
expressed. 
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We determined that the spot with the highest intensity, spot 2, was predominantly 
made up of the chromosome 7-encoded isoforms. We also identified the 
chromosome 2-encoded isoforms as the main isoforms in spot 5 which becomes 
more abundant during osmotic stress. It was already observed before that although 
members of the HSP70 gene family have a conserved structure and therefore action 
mechanism, the family is complex and the individual members do play distinct roles 
(Miernyk, 1997; Sung et al., 2001b; Jung et al., 2013). Our observations corroborate 
these data. To get an insight into this differential gene expression we first performed 
a sequence alignment of the main cytoplasmic protein sequences. The alignment 
showed that only the hinge region and 40 to 50 bp on either side of this region are 
completely conserved (Supplementary File 5.3). Since several mutations are present 
in both the N-terminal ATPase domain and the C-terminal peptide binding domain 
and lid, differences in amino acids are impossible to correlate with differential 
functions of the isoforms. While a knock-out of the isoforms and subsequent analysis 
of the phenotypic changes might provide clues as to the functioning of the isoforms, 
it has been shown in the rice HSP70 family that functional redundancy is present and 
other HSP70 isoforms take over the role of the knocked-out isoform (Jung et al., 
2013). 
We therefore analyzed the promoter sequences of all identified HSP70 paralogs and 
allelic variants for the presence of ABREs, DREs and HSEs (Figure 5.11). It is clear that 
different paralogs contain different numbers of promoter elements and that these 
elements are located at different positions in the promoter region. A HSE element 
however is consistently located within the first 250 bp in the chromosome 6, 7 and 
8 paralogs while absent from the other paralogs. 
The chromosome 2 allelic variants contained an ABRE element in their promoters at 
a different location than the other isoforms and at the same time no predicted DRE 
elements were identified suggesting that the osmotic stress-specific response of spot 
5 is most likely ABA dependent (Figure 5.11). Although other promoters also 
contained ABRE elements, the position of this ABRE element might play a role in the 
higher abundance of this HSP70 paralog. No HSEs were predicted in the chromosome 
2 paralog. HSEs, together with the heat shock transcription factors which bind to 
them, mediate the heat shock induction. This suggests that the chromosome 2 
paralog plays an abscisic acid-mediated stress-specific role in the plant. 
The promoter element patterns of the allelic variants, although not identical, 
revealed similar profiles. This leads us to conclude that in the Musa HSP70 family the 
allelic variants most likely perform similar roles in the plant while the different 
paralogs contribute to the subfunctionalization. 
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5.5 Conclusions 
In conclusion, this is to our knowledge the first time that a proteomics approach has 
led to the exploration of protein family at the paralog and allelic variant level in a 
crop. Moreover we identified a specific osmotic responsive cytoplasmic HSP70 
isoform, the HSP70 paralog 2, at the protein level. We have shown that the 
availability of genomic resources as well as the technique used for proteomics 
analysis are crucial to go beyond gene family identification. Further research is 
needed to study the HSP70s during other stresses and to elucidate the roles of the 
specific isoforms. Additionally, we now have an optimized method which could be 
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6.1 General conclusions 
This dissertation aimed to further unravel osmotic stress responses in Musa, a non-
model crop. Our main goals were to validate osmotic candidate stress markers from 
a meristematic cell model and to investigate mild osmotic stress at the plant level 
using both heterotrophic and autotrophic models. 
Chapter 3 focused on the validation of stress markers identified in earlier acclimation 
research on the cell model and used a qPCR approach to analyze transcript levels 
over time. We concluded that the candidate markers PR10, SUMO-conjugating 
enzyme and ABA-responsive protein react more to the wounding and transfer to new 
medium than to the applied osmotic stress. One candidate, phosphoglycerate 
kinase, was confirmed as an osmotic stress marker and can be tested in different 
tissues in further research. At the time when this research was performed, the Musa 
genome was still unsequenced and readily available sequence data was limited to 
public and in-house EST databases. Primers were designed based on the EST 
database, limiting the specificity of the primers. Most of the candidate genes are not 
single copy genes but belong to a gene family. The phosphoglycerate kinase EST used 
for primer design for instance has six closely related sequences on the A genome and 
similarly six allelic variants on the B genome. The primers most likely amplified more 
than one gene family member. The availability of the A and B genomes however will 
henceforth make it possible to design gene-specific primers. While it is possible that 
not all paralogs and/or alleles can be resolved, specific primers will lead to more 
accurate results. 
From the next chapter onward, we switched to the plant level and focused on mild 
osmotic stress, a stress which causes a growth reduction in the plant but not a 
growth stop. A long-term set-up using heterotrophic and autotrophic in vitro plants 
with osmotic stress followed by drought experiments on greenhouse plants and a 
final validation in the field will allow us to identify drought-tolerant varieties.  
The heterotrophic in vitro growth model allowed us to compare varieties with 
different genomic constitutions (AAA, AAAh, AAB, AABp and ABB). The ABB Cachaco 
variety showed the smallest growth reduction during osmotic stress, reconfirming 
that the Musa B genome might be correlated with a higher drought tolerance. A 
subsequent gel-based proteome analysis of these osmotically stressed and control 
Cachaco plants revealed that proteins involved in energy metabolism as well as 
stress and reactive oxygen species metabolism played an important role in reaching 
a new homeostasis. We used a 2DE approach because protein identification by 
MS/MS is much simpler in a non-model species due to the reduced protein 
complexity in a spot. A gel-free approach could be considered from now on for these 
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differential proteomics studies as the A en B genomes and additional RNA-seq are 
now available. However 2DE still has a role to play as we showed in the last chapter. 
In our gel-based proteomics studies we often encountered the same stress markers. 
Out of the twenty-three proteins identified in our heterotrophic in vitro model, five 
had been identified previously in proteomics experiments on the meristematic cell 
model (Table 6.1). Further proteomic research on autotrophic plants again revealed 
35 differential proteins of which six had been identified in the previous models (Table 
6.1). All these usual suspects are potential stress markers and will be evaluated in 
the future. 
Table 6.1: Usual suspects as identified in the different growth models 
Protein name Meristematic cell 
model 
Heterotrophic in 
vitro plant model 
Autotropic 
plant model 
HSP20  x x 
HSP70 x  x 
PR10 x x  
Isoflavone reductase x x  
Glutathione-S-
transferase 
x x x 
S-adenosyl 
methionine synthase 
x x x 
Phosphoglucomutase x x  
Sucrose synthase x  x 
Phosphoglycerate 
kinase 
x  x 
 
Some of these stress markers, such as HSP70, were however present in more than 
one spot and not all of these spots show the same response to stress. Proteomics 
studies on non-model plants can usually not go beyond a gene family identification 
due to limited sequence resources, but since the A and B genomes of banana became 
available we successfully went down to the isoform level. However, a manual 
curation of sequences in both A and B genome was still needed. Only one out of 
twenty HSP70 sequences present in the A genome was structurally correct. This 
resulted in an overrepresentation of this one HSP70 isoform in our first analysis. We 
therefore recommend to check the structural annotation of all genes of a gene family 
before looking into isoforms. We showed that not only the availability of accurate 
sequence data but also the right proteomic technology was imperative to reach our 
goal. 2DE offers the advantage of separating the HSP70, which all have a similar mass 
of 70kDa, based on their pI. This greatly reduces the complexity in a spot and 
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although we showed that several isoforms are still present within one spot, we could 
identify the main isoform based on the ion intensity of the tryptic specific peptides. 
The 2DE approach was combined with LC-MS/MS. The extra chromatography step 
further separated peptides after spot digestion and was coupled to a highly accurate 
mass spectrometer for optimal identification results. The combination of all these 
techniques allowed us to identify an osmotic responsive HSP70 isoform, the HSP70 
paralog 2.  
We have now identified and validated nine stress markers. This combination of 
known stress-correlated genes describes the general osmotic stress response and 
status of the banana cells. Moreover, from a large gene family (HSP70) we correlated 
some members to an osmotic stress response. This high level of annotation cannot 
simply be extrapolated from model organisms. The developed workflow can now be 
used on other candidates identified in Musa and other crops. 
6.2 Future perspectives for abiotic stress research 
6.2.1 General perspectives 
We suggest the following workflow for abiotic stress research in crops based on all 
the available omics approaches as discussed in chapter 1 and 2 and based on the 
research performed in this thesis (Figure 6.1). 
We propose to start with blind high-throughput analysis using several omics 
approaches. 
(i) Phenomics: We propose to perform phenomics to avoid blind sampling. We 
suggest to develop methods to select homogenous groups of plants before 
treatments are applied and/or plants at same stress level rather than at same 
time point are taken for further analysis. This phenotyping step should pinpoint 
the moments to be chosen for RNA-seq and proteomic and metabolomic 
analysis. 
(ii) Genomics: The presence of a reference genome is recommended for integration 
in other omics as a reference genome can be used for anchoring RNA-seq reads 
and provides a lot of sequence data for protein databases. However the cost of 
a highly accurate reference genome as well as time needed for assembly and 
annotation still prevent in practice the sequencing of a reference genome for 
every crop. 
(iii) Transcriptomics: RNA-seq provides vital variety-specific sequence data and 
expression data. Its integration in protein databases can provide the necessary 
predicted protein data for unsequenced crops and adds to protein data already 
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captured in a reference genome as reviewed in chapter 1 and 2. The RNA-seq 
data can also be used to correct genome annotation as was described in chapter 
1. 
(iv) Proteomics: We suggest exploratory 2DE for all new crops, varieties and tissues. 
2DE is an efficient starting point and allows the easy visualization of isoform 
trails. Differential proteins and interesting isoform trails remain targets for 
protein identification. In general, however, we suspect that LC-MS/MS or 
peptide-based proteomic approaches will become the standard in blind high-
throughput differential proteomics. Once again proteomics data can be used to 
re-annotate certain parts of the genome as we did in chapter 5. Specific 
workflows will need to be developed as well for low abundant proteins, 
membrane proteins, isoforms and proteins carrying PTMs as discussed in 
chapter 1 and 5. 
(v) Metabolomics: Like in proteomics, it is still impossible to capture the whole 
metabolome using one technique. We therefore suggest to also take into 
account data amassed from proteomics and transcriptomics to analyze specific 
target metabolites in addition to a wider screen. 
In a next phase, all of these omics approaches need to be integrated into one analysis 
to select targets. As discussed in chapter 1, this integration is still challenging. An 
integration that enables to represent the data in a comprehensible way will be 
crucial to identify targets for further analysis. 
The last phase includes a targeted analysis to measure the levels of a limited amount 
of targets in multiple varieties and under several time points. We suggest the use of 
SRM/MRM at the protein level and qPCR at the transcript level. While requiring some 
preparation before analysis for each specific target, they can be used on many 
samples afterwards due to lower cost and time investment. These levels should be 
correlated to phenotype data as well. To screen multiple varieties under several 
conditions and/or time points, the use of more automated phenotype screening or 
phenomics might still be necessary. 
While this might be the ideal set-up, it is very clear that this research, even on one 
crop, cannot be performed by one research group. The cost of such a project as well 
the expertise required, calls for more cooperation. There is a need for biologists, 
chemists, (bio-)engineers, bio-informaticians, statisticians, … to all work together on 
different parts of this puzzle but the main challenge remains to put the pieces 
together through the exchange and integration of data. While researchers are 
usually very well equipped to deliver a piece of the puzzle, the integration of all 
approaches is still rarely seen. Therefore our group has initiated a European network 
COAST FA1036 (http://www.cost.eu/domains_actions/fa/Actions/FA1306) and has 
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joined the Flemish initiative for plant phenotyping “Phenovision”. The Hercules 
project "PHENOVISION" envisages the acquisition and use of an automated 
phenotyping platform for plants. The project was submitted jointly by UGent, VIB, 




Figure 6.1: Proposed workflow for abiotic stress research in crops. Further clarification can 
be found in the text. 
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6.2.2 Perspectives for proteomics research 
At the moment, more than 70 crops have been sequenced, but many still remain to 
be sequenced. On the other hand some crops such as rice and barley and the model 
plant Arabidopsis have already been resequenced. Proteomics is largely based on 
sequence information for the identification of the proteins. This sequence 
information is preferably from the same organism but due to the higher conservation 
of amino acid sequence cross-species identification is possible. However we do 
believe that RNA-seq is the best first step nowadays in unsequenced organisms. It 
provides both sequence data as well as quantitative expression data and we 
therefore recommend to apply it to the studied varieties for both control and at least 
one stress condition. For sequenced crops for which the genomes of different 
varieties have not been sequenced yet, it provides variety-specific information which 
can be integrated in the protein databases as well. 
The workflows we suggest depending on sequence status and RNA-seq availability 
can be found in Figure 6.2. It includes both the set-up of the protein sequence 
databases as well as the steps to perform with the goal of identifying as many 
spectra/proteins as possible. 
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6.3 Future perspectives for osmotic and drought 
stress research in Musa 
6.3.1 Future perspectives for proteomics research 
Future proteomics research in Musa will probably still integrate 2DE, especially for 
the analysis of certain isoforms. The protein sucrose synthase for instance is present 
in a trail which contains more than ten spots and many of the sucrose synthase 
proteins show differential responses to osmotic stress or ABA (Carpentier et al., 
2007; Carpentier et al., 2010) (Suzana Garcia, personal communication). Earlier 
research has already pointed out that isoforms due to PTMs are involved in this trail 
(unpublished results). However paralogs and allelic variants will most likely also 
contribute to the trail as eight sucrose synthase sequences have been identified in 
the A genome. New varieties and tissues will also be analyzed a first time with 2DE 
as it will allow us to easily spot differences with the varieties and tissues studied 
before. 
For differential proteomics studies, a gel-free approach will be used more as we have 
already identified the same stress markers several times in our experiments using 
2DE. The complementary LC-MS/MS approach then offers a more automated and 
less time consuming approach while also opening the possibility to analyze proteins 
not previously covered before. Membrane proteins are also studied using LC-MS/MS 
as it allows the analysis of the soluble peptides after extraction of the membrane 
proteins. This approach was already successful in identifying membrane proteins in 
the unsequenced Musa and identification is significantly easier with the availability 
of the reference genomes (Vertommen et al., 2011a) (Suzana Garcia, personal 
communication). 
6.3.2 Future perspectives for cryopreservation research 
We observed that the transcript levels of PR10, SUMO-conjugating enzyme and 
phosphoglycerate kinase of the osmotically stressed Cachaco meristem cultures had 
almost returned to their baseline levels after four days. This time point corresponds 
to the optimal length of acclimation prior to cryopreservation for Cachaco meristems 
both on sorbitol and sucrose medium. Further research should analyze the transcript 
levels during sucrose stress, the more suitable sugar for acclimation for 
cryopreservation, and evaluate whether these transcript levels similarly return to 
standard levels. Afterwards, other varieties should be investigated to determine 
whether similar correlations exist between the mRNA levels which return to baseline 
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readings and the optimal acclimation time point for cryopreservation. We 
hypothesize that when the stress markers return to the baseline, this indicates full 
acclimation and that this is the ideal moment to dessicate the cells and freeze them. 
This research would advance our understanding of cryopreservation survival 
mechanisms, but has many practical limitations towards application. 
6.3.3 Future perspectives for drought stress research 
The HSP70 family is being further investigated using qPCR (Tom Scheirs, personal 
communication) and SRM/MRM. The analysis of the response to several other 
stresses (e.g. heat and salt) and in different tissues should clarify whether each 
isoform has its own specific function and whether the isoforms show tissue-specific 
stress responses. 
In a next phase the inclusion of osmotic stress tolerant and sensitive varieties in 
these HSP70 qPCR and SRM/MRM studies will allow us to screen for differential 
responses in these varieties and to evaluate the correlation of the HSP70 stress 
marker to tolerant varieties. 
A similar workflow will be used for the other stress markers identified in this research 
(HSP20, HSP70, PR10, isoflavone reductase, glutathione-S-transferase, S-adenosyl 
methionine synthase, sucrose synthase, phosphoglucomutase and 
phosphoglycerate kinase). 2DE will be used to investigate the gene family if multiple 
protein species have been identified. RNA-seq data will then be used to design 
paralog- and allele-specific primers while this sequence data can also be used to 
identify tryptic specific peptides for the SRM/MRM approach. 
In a next phase, as proposed in our long-term experimental set-up (Figure 1), the 
(osmotic) stress markers will be validated as drought stress markers, first in 
greenhouse plants and later in the field. 
Drought stress markers will be evaluated to ascertain their correlation with the 
severity of drought stress. Once this link has been established, the drought stress 
marker can be used to precisely monitor stress levels. Combining these drought 
stress markers with phenotyping approaches could lead to the identification of 
phenotypes of drought stress which can be evaluated in the field. This concept can 
then be used to determine when a banana plant has stress and will result in better 
irrigation management in the field. 
The potential of the identified drought stress markers as drought stress tolerance 
markers will be determined by screening their expression in several drought 
sensitive and drought tolerant varieties as determined by phenomics approaches. 
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Once a significant correlation is found, this drought stress tolerance marker can then 
be used to quickly screen the Musa biodiversity present in the Musa International 
Germplasm collection for other tolerant varieties. 
A final avenue for future work is the use of this drought tolerance stress markers in 
classical breeding or genetic engineering. The actual contribution of the marker to 
drought stress tolerance should be studied using knock-down (RNAi) or 
overexpression studies. The generation of a more drought stress tolerant plant is 
unlikely to happen by integrating just one gene, but will most likely involve the 
simultaneous engineering of multiple genes and/or alleles. In biotic stress, however, 
monogenic resistance engineering is quite common but therefore not always 
preferable. To prevent growth reduction during standard conditions, drought-
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